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Abstract 
Bitter pit is a physiological disorder occurring in apple, pear, and quince whose 
symptoms are known to develop in storage, appearing several weeks to months after 
harvest. This disorder causes commercial losses for apple growers as affected fruits 
are declined or achieve lower prices in the market. Uneven calcium distribution in 
fruit tissue has been thought to be one of several factors that cause bitter pit. Despite 
bitter pit has been studied for more than a century, the mechanisms involved in its 
development are still not well understood. To date, most of the research carried out on 
bitter pit has been focused on Ca2+ deficiency. However, little to no attention has been 
paid to the expression of other important metabolites indicative of cell status.  
Phenolic compounds and proteins are end products of numerous cellular processes 
occurring in the biological systems as a result of natural defensive reactions against 
stress and diseases. In the quest to understand bitter pit, the study of these chemical 
“fingerprints” cannot be avoided, as they can help to better understand the 
biochemical mechanisms involved in the development of this disorder.  
Under this premise, this research has addressed the analysis and comparison of 
phenolic compounds and proteins present in healthy and bitter pit affected tissues of 
apple (Malus domestica Borkh). For this purpose, several approaches and techniques 
have been employed.  
The analysis of phenolic compounds and antioxidant activity in healthy apples was 
first carried in order to optimize the methodology (Chapter 1). Even if most of 
phenolic families in apple could be successfully identified, the methodology 
employed, high performance liquid chromatography coupled to a UV-DAD detector, 
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presented some limitations to accurately identify all the eluted peaks. As a result, an 
alternative methodology based on mass spectra detection of target phenolic 
compounds was employed to compare the phenolic profile of healthy and bitter pit 
tissues (Chapter 2).  
With respect to the study of proteins, the identification of an 18 kDa protein suggested 
as a potential bitter pit marker by former group studies was first carried out (Chapter 
3). The characterization of additional proteins overly expressed in bitter pit tissues 
was next addressed by means of most sophisticated proteomic-based analytical 
strategies (Chapters 4 & 5). 
Results suggest that down-regulation in the expression of major phenolic compounds 
and low antioxidant activities were associated with the presence of bitter pit disorder, 
which may suggest that oxidative activity accompanies bitter pit disorder 
development. Bitter pit disorder also induced a deep change in the protein profile of 
affected tissues, expressing a variety of pathogenesis-related (PR) proteins from 
several families, including Mal d 1 and Mal d 2, two major allergens. Other proteins 
with diverse cell functions such as tissue desiccation, mitochondrial carrying or 
protein binding among others were found to be upregulated in bitter pit tissues.  
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Abbreviations	  	  
1D – One Dimensional  
2D – Two Dimensional 
ACC - 1-aminocyclopropane-1-carboxilic acid 
ACL – Antioxidant Capacity of Lipid-soluble substances 
ACN – Acetonitrile 
ACO - 1-aminocyclopropane-1-carboxylate oxidase 1 
ACW – Antioxidant Capacity of Water-soluble substances 
ANOVA – Analysis of Variance 
B – Boron 
Bet v - Betula verrucosa (Betula pendula) 
BLAST - Basic Local Alignment Search Tool 
BP – Bitter Pit 
Ca – Calcium 
CaCl2 – Calcium Chloride 
CHCA - alpha-Cyano-4-hydroxycinnamic acid 
CIELAB - CIE 1976 L*a*b* color space 
CITA - Centro de Investigación y Tecnología Agroalimentaria de Aragón (CITA) 
CMC - Carboxymethyl ether of cellulose 
CSIC – Consejo Superior de Investigaciones Cientificas 
Cy – Cyanine 
Cy2 - (Cyanine)  
Cy3 - (indocarbocyanine)  
Cy5 - (indodicarbocyanine) 
DAD – Diode Array Detector 
DIGE – Differential In-Gel Electrophoresis 
DW – Dry Weight 
EDTA - Ethylenediaminetetraacetic acid 
ESI - Electrospray ionization 
FAOSTAT – The Statistics Division of the Food and Agricultural Organization of the 
United Nations 
Fe - Iron 
Fluor – Fluorescence 
FRAP – Ferric Reducing Ability of Plasma (FRAP) 
FW – Fresh Weight 
g - gram 
GAE – Gallic Acid Equivalents 
HPLC – High Performance Liquid Chromatography 
IASMA - Istituto Agrario San Michele all'Adige 
IEF – Isoelectric Focusing 
IgE – Immunoglobin E 
INRA - Institute National de la Recherche Agronomique 
IPG – Isoelectric Point Gradient 
K – Potassium 
KCL – Potassium Chloride 
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kDa - Kilodalton 
kg – kilogram 
LC – Liquid Chromatography 
LTQ – Linear Trap Quadropole 
M - Molar 
Mal d – Malus domestica 
MALDI – Matrix-assisted laser desorption/ionization 
Md – Malus domestica 
Mg – Magnesium 
mg- Milligram 
mM - Millimolar 
MINECO - Ministerio de Economía y Competitividad 
MS – Mass Scan or Mass Spectrometry 
MW – Molecular Weight 
N – Nitrogen 
Na2CO3 – Sodium Carbonate 
NCBI - National Center for Biotechnology Information 
NH4HCO3 – Ammonium Biocarbonate 
NIR – Near infrared reflectance 
OAS - Oral Allergy Syndrome 
ORF - Open Reading Frame 
P – Phosphorus 
PAGE  - Polyacrylamide Agarose Gels 
PCL – Photochemiluminescence 
PCTAD – Parque Cientifica y Tecnologia de Aula Dei 
PhD. - Philosophiæ doctor 
pI – Isoelectric Point 
PMF – Peptide Mass Fingerprinting 
PMSF – phenylmethanesulfonylfluoride 
PR – Pathogenesis Related 
QTL – Qualitative Trait Locus 
SDS - Sodium dodecyl sulfate 
SSR – Simple Sequence Repeat 
TEMED  - N, N, N’, N’-tetraethylenediamine  
TFA – Trifluoroacetic Acid 
TLP – Thaumatin Like Proteins 
TOF – Time of Flight 
TPC – Total Phenolic Content 
Trolox - 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid 
Unizar– Universidad de Zaragoza 
UV – Ultraviolet 
Vis – Visible 
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Objectives 
 
The main objective of this doctoral thesis is to gain knowledge on the physiology of 
bitter pit in apple (Malus domestica) with respect of important metabolites indicative 
of cell status: phenolic compounds and proteins. In order to attain this global 
objective, the following individual objectives are proposed: 
1. To determine and compare apple phenolic profiles and antioxidant capacities 
specific for healthy and bitter pit samples by means using state of the art 
methodology and equipment.  
2. To confirm the identity of 18 kDa protein pointed out as a potential bitter pit 
marker in a previous group study by means of a mass spectrometry-based 
strategy that overcomes limitations of previous works. 
3. To identify other proteins markers significantly up or down-regulated in sound 
and bitter pit affected tissues from apple, and to compare their relative 
abundance by means of a proteomic approach based on 2D-DIGE, in-gel 
digestion and LC/MS analysis of peptides to infer protein identity.  
4. To perform a large-scale proteomic study of healthy and bitter pit affected 
tissues in apple by translating the genomic sequence (apple genome) to a 
proteomic sequence (encoding putative proteins) 
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Structure 
 
The thesis manuscript is structured in three sections. The first section is a general 
introduction addressing the state-of-art of bitter pit disorder, as well as the principles 
of the main instrumental techniques employed to study the target metabolites 
(phenolic compounds and proteins) in apples. The second section contains five 
individual chapters devoted to the analysis of the target metabolites in apple tissues by 
different approaches and techniques. The third section presents general discussion and 
the main conclusions of this work, pointing out the most important findings of the 
research.  
The five chapters included in this doctoral thesis correspond to five articles submitted 
to several peer-reviewed journals. This represents an alternative to a thesis manuscript 
presented according to a classical format, which is justified by the interest of 
disseminating the results of the investigations yielded by the doctoral research. In 
addition, it cannot be omitted that the long and comprehensive work that culminates 
with a publication in a research journal also constitutes an essential part of the integral 
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General introduction 
1. Apple Fruit 
The genus Malus, which is commonly known as apple, consists of over 30 species in 
the family Rosaceae (the rose family also known for pears, peaches, plums, cherries, 
apricots and almonds). Malus domestica, the most valuable and popular is also known 
as domesticated apple, orchard apple and common apple. Apples are thought to have 
originated in western Asia and are now one of the most widely cultivated fruit trees in 
the world (FAOSTAT, 2013). Apple cultivation has been documented for over a 
thousand years in Asia and Europe and was later brought to North America by 
European settlers. Today There are more than 7,500 known apple cultivars each 
possessing their own desired characteristics often bred for taste, cooking, juice, 
alcohol and eating raw). 
Table 1. List of Apple Tree Species Names 
Binomial Nomenclature Common name 
Malus angustifolia Southern crabapple 
Malus asiatica Chinese Pear-leaf crabapple 
Malus baccata Siberian crabapple, Siberian Crab, 
Manchurian crabapple and Chinese crabapple 
Malus bracteata Sweet crabapple or Garland crab 
Malus brevipes Shrub Apple 
Malus coronaria Sweet crabapple or Garland Crab 
Malus domestica Orchard apple, Domestic Apple and 
Common Apple 
Malus florentina Florentine Crabapple and Hawthorn-leaf 
crabapple 
Malus floribunda Japanese flowering crabapple, Purple 
chokeberry and showy crabapple 
Malus formosana Taiwan crabapple 
Malus fusca Oregon crabapple or Pacific crabapple 
Malus glabrata Biltmore's crabapple 
Malus glaucescens Dunbar crabapple 
Malus halliana Hall crabapple 
Malus honanensis Crabapple or wild apple 
Malus hopa Flowering crabapple 
Malus hupehensis Tea crabapple 
Malus ioensis Prairie crabapple 
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Binomial Nomenclature Common name 
Malus kansuensis Calva crabapple 
Malus lancifolia Sweet crabapple or Garland crab 
Malus × micromalus Midget crabapple or Kaido Crabapple 
Malus niedzwetskyana Niedzwetzky's apple 
Malus perpetu Malus Evereste crabapple 
Malus prattii Pratt's crabapple, 西蜀海棠  
Malus prunifolia Pear-leaf, Plum-leaf crabapple, Chinese apple 
and Chinese crabapple 
Malus pumila Domesticated apple 
Malus rockii Siberian crabapple, Siberian crab, 
Manchurian crab apple and Chinese crab 
apple 
Malus sargentii Sargent's apple or Sargent crabapple, 
Malus sieboldii Toringo crabapple or Siebold's crabapple 
Malus sieversii Asian wild apple or Almaty apple 
Malus sikkimensis Sikkim crabapple 
Malus spectabilis Asiatic apple, Chinese crab and Chinese 
flowering apple 
Malus sublobata Yellow Autumn Crabapple 
Malus sylvestris European wild apple 
Malus toringoides Cut-leaf crabapple 
Malus transitoria Cut-leaf crabapple 
Malus trilobata Lebanese wild apple, erect crab apple and 
three-lobed apple tree 
Malus tschonoskii Chonosuki crab 
Malus yunnanensis Yunan crabapple 
 
1.1 Production 
Apples (Malus spp.) are one of the top 25 produced crops in the world. According to 
FAOSTAT, approximately 75 million tonnes of apple fruit were globally produced in 
2012, having an estimated commercial value of over $31 billion (2013). 
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Figure 1. Global fruit production in 2012 in million metric tons. Results are broken down by 
fruit variety 
 
Apple production average yields have been increasing since 2002 while global 
production areas have remained approximately stable. Production system innovations 
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have contributed to the increase, higher planting densities of apple trees, the adoption 
of dwarf rootstocks allowing first yields already in the second year after planting and 
new higher yielding varieties. There are thousands of apple cultivars and only a small 
proportion of these are grown commercially. Several varieties, such as ‘Red 
Delicious,’ ‘Golden Delicious’ and ‘Gala’, are grown throughout the world, whereas 
others are grown almost exclusively in a single location. Other important varieties 
including ‘Granny Smith’, ‘Jonagold’, ‘McIntosh’, ‘Rome’, ‘Cox’s Orange’, ‘Fuji’, 
‘Jonathan’, ‘York’, ‘Morganduft’ and ‘Gala’ are produced on a considerable amount 
of hectares throughout the world. Successful cultivars possess several desirable traits 
including being a reliable annual bearer, excellent dessert quality, attractive in 
appearance, good pest resistance, productive, and hardiness. Furthermore, if the fruit 
stores and processes well, and has good handling qualities the value of the variety 
increases (Childers et al., 1995, Turechek, 2004).  
 
Figure 2. Apple production by country in 2012. A total 76 million tonnes were produced in 2012. 
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1.2 Pathology 
In the past century, producers worldwide have planted more and more hectares of 
apples to meet consumer demands. The increased apple cultivation has resulted in a 
well-documented rise in the occurrence of disease and pests, becoming more frequent 
at alarming rates. A wide range of pests, diseases and disorders are known to affect 
apple trees, the most serious being apple scab, fireblight, Gymnosporangium rust, 
black spot, codling moths and apple maggots. Nutrients have been implicated as to 
influence fruit quality and disorders. Among these, nitrogen (N), potassium (K), 
phosphorous (P), calcium (Ca), and boron (B) are most often correlated to apple fruit 
quality and disorders.  
1.3 Calcium Influence  
Calcium (Ca
2+
) is the nutrient most implicated in the quality of fruit, particularly 
with respect to disorders, which affect storage. Ca
2+
 activates enzymes and is 
essential for cell division, elongation, and fruit growth. It stabilizes and ensures 
permeability of the cell wall, protecting it from degradation by enzymes (White, 
2003). 
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Figure 3. Calcium’s involvement in plants. Calcium is a known regulator of growth and 
development in plants, it is involved several aspects of plant development. Source (Sanders et al., 
2002) 
 
Fruits with high levels of Ca
2+
 are firmer and the skin and flesh are less susceptible 
to breakdown disorders with reduced leakage through cell wall membranes. Having 
adequate Ca
2+
 delays ripening and increases storability of fruit. Lacking Ca
2+
 
without adequate control, which has plagued growers for over a century, has been 
shown to cause bitter pit.  
Bitter pit development has been described as the result of low Ca
2+ 
concentrations in 
fruit tissue (Fuller, 1980). Calcium uptake is directly influenced by climate, water 
availability, nutrition, vigour, and crop production. Uneven calcium distribution in 
fruit tissue has been thought to be one of several factors that cause bitter pit 
(Wilkinson, 1964). Previous calcium studies have suggested the majority of apple 
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Ca
2+ 
is located in the vacuole and cell wall of fruit and is responsible for cell 
regulation (Figure 4). It has also been suggested that metabolic changes to Ca
2+ 
content could weaken plasma membrane structures, eventually causing cell death and 
bitter pit symptoms (Freitas, 2012). It has also been reported that the skin, seeds, and 
core tissue of bitter pit affected fruits have higher calcium concentrations than the 
flesh (Wilkinson, 1961). 
 
Figure 4. Apple calcium is located in the vacuole, cell wall and several other processes of plants 
cells.  
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2. Bitter Pit 
Bitter pit, a physiological disorder occurring in apple, pear and quince has been long 
associated with calcium uptake or lack thereof. Bitter pit was first reported in German 
apple orchards as “stippen” (spot in English) and described in a publication entitled 
Über das Pelsig- oder Stippigwerden der Kernobstfrucht (Translates to: About the 
Freckling or Spotting of Pome Fruit) in 1864 (Jaeger, 1869). The name bitter pit, was 
given in 1895 (Cobb, 1895), however several other names including Stippen, York 
pit, Baldwin spot, Stippfleckenkrankheit and Brown heart, have also been given to 
apple fruit exhibiting similar symptoms. 
Known bitter pit symptoms include necrotic desiccant tissue, sunken cone-shaped 
discoloured spots, measuring 3 to 6 mm in diameter. Symptoms will develop at the 
calyx end (lower half) of susceptible cultivars and will worsen over time. In extreme 
bitter pit cases, spots were also found around the stem-end (upper half).  
Bitter pit symptom identification can be challenging as its often confused with 
Jonathan spot, cork spot/Anjou pit in pears, stink bug (Pentatomidae) damage, lenticel 
blotch pit, and phoma fruit spot (Brooks, 1914). Symptoms are known to develop in 
storage, appearing several weeks to months after harvest. Bitter pit symptoms have 
also been documented in orchards; seen more often on young, vigorously growing, 
nitrogen fertilized trees with partial fruit maturity.  
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In a recent publication, Buti and co-workers (2015) illustrated different levels of bitter 
pit symptoms present in the skin of the apple according to a 5-point scale, ranging 
from no symptoms (0) to very high symptoms (Figure 3).  
 
 
Figure 5. Apple fruits at full maturity displaying different levels of bitter pit symptoms. 
Symptoms were scored in a five-point scale: no symptoms (0), low symptoms (1), medium 
symptoms (2), high symptoms (3) and very high symptoms (4) 




Figure 6. subcutaneous aspect of tissues affected by bitter pit 
At the microstructure level, preliminary surface scans carried out by our research 
group (unpublished data) have demonstrated calcium’s role in tissue and how it’s 
affected by bitter pit. Figure 7 shows a comparison between the microstructure of 
healthy and bitter pit affected tissues, taken by means of an electron scan microscope. 
As shown in the picture, bitter pit tissues appear torn and ruptured, a result calcium 
deficiency. Calcium plays a crucial role in determining the structural rigidity of the 
cell wall. During cell wall formation, the acidic pectin residues (e.g., galacturonic 
acid) are secreted as methyl esters, and only later de-esterified by pectin 
methylesterase, liberating carboxyl groups, which bind calcium (Hepler, 2005). Low 
calcium concentration makes the cell wall more pliable and easily ruptured, whereas 
high concentrations make the cell wall more rigid.  
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Figure 7. Comparison between the surface microstructure of healthy and bitter pit affected 
tissues 
 
2.1 Reducing Bitter Pit Occurrence 
Bitter pit is known to cause commercial losses for apple growers because affected 
fruit are declined or are sold at lower market prices. Fruit loss due to bitter pit is often 
high. Hewett and Watkins (1991) reported up to 50% fruit loss in apples with no 
calcium treatments, up to 10% fruit loss with calcium treatment, and up to 6% loss 
with a combination of calcium sprays and calcium vacuum-infiltration.  
An effective spray system has been studied and described in the literature as a key 
step in reducing bitter occurrence. However, no treatment has been completely 
successful and the need to control bitter pit has become a priority for most fruit 
producers. Hopfinger et al (1984) reported limitation of bitter pit symptoms with the 
use of calcium chloride (2%) vacuum infiltration. The most effective method to delay 
bitter pit is by spraying trees with calcium chloride or calcium nitrate, applied during 
the summer months when temperatures are not too hot, allowing for slow drying or 
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when fruit trees endure periods of stress, caused by adverse weather conditions 
(Wilkinson, 1961, Wilkinson, 1964, Val et al., 2008, Val, 2008). 
Bitter pit occurrence can be reduced by Ca2+ sprays (Figure 8), but often not entirely. 
Hewett and Watkins (1991) demonstrated that vacuum infiltration with CaCl2 applied 
pre-harvest have a superior effect when compared to a vacuum infiltration during 
post-harvest, which had very little. More recently, (Blanco et al., 2010) sodium salt of 
carboxymethyl ether of cellulose (0.5%, CMC) was used as an adjuvant for Ca2+ 
sprays due to low Ca2+ concentration after normal application. Results suggested that 
Ca2+ concentration increased in the peel and cortex.  
 
Figure 8. Application of Ca2+ spray treatments in apple at Aula Dei Experimental Station (CSIC) 
during summer months 
 
2.2 Bitter Pit Prediction Models 
Prediction models for bitter pit apparition have been created to understand where and 
why bitter pit occurs (Lötze & Theron, 2006, Lotze et al., 2008). However these 
prediction models are difficult to apply because of differences in fruit uniformity and 
maturity. Other methods which have utilized near infrared reflectance [NIR] 
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spectroscopy (Nicolai et al., 2006) have examined bitter pit affected apples at harvest 
in an attempt to create an early determination system, however NIR was unable to 
differentiate between bitter pit and other corky tissue samples.  
Figure 9 shows the relationship (equation) between calcium and incidence of bitter pit 
induced (after infiltration with Mg graphics on top) and bitter bit natural (developed 
in fruits stored in cold storage, graphics at the bottom) in Gala apples (Talamini Do 
Amarante et al., 2009). Apple pulp is listed in the left column and skin on the right. 
The clear part of the graphs indicates Ca concentrations in these tissues where the 
incidence of bitter pit is minimal, represented by the linear portion of the segmented 
model fit to the data. The arrow indicates the lower limit of the visual identification of 







Figure 9. Bitter pit prediction model equation using calcium and bitter pit incidence. 
 
According to the charts, incidence of bitter pit in fruit pulp disappears at calcium 
concentrations above 40, whereas for the skin, this is observed only at much higher 
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values (<150 mg kg-1). 
2.3 Bitter Pit Reproducibility Studies 
Apple physiological composition was studied in a previous group publication (Val et 
al., 2010) to determine if there were similarities between calcium and ammonium 
oxalate syringe-induced symptoms with those of naturally occurring bitter pit (Figure 
10). Oxalate wounding and bitter pit, showed significantly higher Ca2+ concentrations 
than sound tissues. Oxalate had the greatest Ca2+ content, while bitter pit areas 
accumulated more than twice Ca2+ as compared with sound tissue. Bitter pit 
accumulated the highest level of Mg, almost 10 times greater than the control, and Mg 
in oxalate areas was 4 times greater.  
 
Figure 10. Cross-section of an apple injected with calcium oxylate and its effect 
New approaches to study bitter pit disorder 
Despite bitter pit has been studied for more than a century, the mechanisms involved 
in its development are still not well understood. To date, most of the research carried 
out on bitter pit has been focused on Ca2+ deficiency. However, little to no attention 
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has been paid to the expression of other important metabolites indicative of cell 
status. 
Plants exploit metabolic systems to create a rich repertoire of complex natural 
products and networked strategies for their survival in challenging ecological 
conditions. The production of chemicals that combat stress, pests and pathogens 
represents one mean of self-protection. Phenolic compounds and proteins are end 
products of numerous cellular processes occurring in biological systems as a result of 
natural defensive reactions against stress and diseases. In the quest to understand 
bitter pit, the study of these chemical “fingerprints” cannot be avoided, as they can 
help to better understand the biochemical mechanisms involved in the development of 
this disorder. 
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3. Phenolic Compounds in Apples 
In contrast with basic metabolism, which refers to the anabolic and catabolic 
processes required for cell maintenance and proliferation, secondary metabolism 
involves compounds present in specialized cells that are not directly essential for 
basic photosynthetic or respiratory metabolism, but are thought to be required for 
plants’ survival in the environment. Secondary metabolism is considered an integral 
part of the developmental program of plants, and the accumulation of secondary 
metabolites can demarcate the onset of developmental stages (Kutchan & Dixon, 
2005).  
Plants produce a large number of secondary metabolites, which are classified into 
several groups according to their biosynthetic routes and structural features. Phenolic 
compounds are the most widely distributed secondary metabolites, ubiquitously 
present in the plant kingdom. The terms ‘phenol’ and ‘polyphenol’ can be defined 
chemically as substances that possesses an aromatic ring bearing one (phenol) or 
more (polyphenol) hydroxyl substituents. 
Plants need phenolic compounds for pigmentation, growth, reproduction, resistance to 
pathogens, and many other functions. The structure of plant phenolics and 
polyphenols varies from simple molecules, such as phenolic acids, to highly 
polymerized compounds, such as proanthocyanidins, and several thousand (among 
them over 8,150 flavonoids) different compounds have been identified with a large 
range of structures. The concentration of individual phenolic compounds in apple 
depends on several factors: cultivar, maturity of the fruit, conditions of cultivation, 
rising, harvest, storage and suffered infections. Phenolic compounds that occur in 
apple can be divided into several groups on the basis of their basic skeleton:  
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(a) hydroxybenzoic acids: p-hydroxybenzoic acid, protocatechuic acid, gallic acid, 
syringic acid and gentisic acid 
(b) hydroxycinnamic acids and their derivatives: p-coumaric acid, caffeic acid, ferulic 
acid and chlorogenic acid 
(c) flavonols: quercetin presents in glycosylated forms 
(d) dihydrochalcones: phloridzin and its derivatives 
(e) anthocyanids: cyanidines and its glicosides 
(f) monomeric flavanols: epicatechin, catechin 
















Figure 11. Chemical structures of selected phenolic compounds present in apple 
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There are differences between chemical compositions of different apple parts (peel 
and flesh). There is a great abundance of literature data concerning the content of 
simple phenols (phenolic acids) and polyphenols (multiples of phenol structural units) 
fraction in apple. Comprehensive reviews about phenolic content in apples have been 
recently published (Francini & Sebastiani, 2013; Kalinowska et al. 2014). However, 
data is generally difficult to compare as results may be expressed in relation to the dry 
or fresh weight, and with respect to different Follin Ciocalteu reagents: gallic, caffeic 
or chlorogenic acid equivalents. A summary of phenolic compounds content in the 






Figure 12. Polyphenol molecule concentrations ranges in seed, peel and peel + flesh.  
* mg/g DW; ** mg/100 g FW; - not measured.. Source: (Francini & Sebastiani, 2013) 
 
According to Boyer and Liu (2004) apples have the second (after cranberries) highest 
level of antioxidants compared to other commonly consumed fruit such as red grape, 
strawberry or peach. Polyphenolic antioxidants of apple are mainly responsible for the 
* **
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antioxidant activity of these fruits (Vinson et al., 2001), and the contribution of 
vitamin C to the total antioxidant potential of apple is less than 0.4% (Drogoudi et al., 
2008). The apples more abundant in phenolic compounds tended to have a higher 
antioxidant activity (Sun, 2002). Chlorogenic acid, the main phenolic acid present in 
the apple, has a great ability to “scavenge” free radicals (Panzella et al., 2013). 
Compared to about 18 other antioxidant compounds, including quercetin, gallic acid 
and alpha-tocopherol, chlorogenic acid was the second among antioxidants possessing 
the highest activity, immediately after the rutin, It has been reported that 100 g 
portion of apples has an antioxidant activity equal to 1.500 mg of vitamin C 
(D’Angelo et al., 2007). Many studies revealed that independently of apple varieties 
the antioxidant properties of apple parts may be ordered as follows: peel > core > 
flesh. Generally, peel contains from two to six times more phenolics than the flesh 
(Kalinowska et al., 2014), therefore the consumption of apples with peel is highly 
recommended. 
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4. Analysis of Phenolic Compounds and Antioxidant Activity 
4.1. Phenolic compounds  
High performance liquid chromatography (HPLC) is one of the most powerful tools 
in analytical chemistry. It has the ability to separate, identify, and quantitate the 
compounds that are present in any sample that can be dissolved in a liquid. HPLC 
relies on pumps to pass a pressurized liquid and a sample mixture through a column 
filled with a sorbent, leading to the separation of the sample components. The HPLC 
instrument typically includes a sampler, pump, and a detector. The sampler brings the 
sample mixture into the mobile phase stream, which carries it into the column. The 
pump(s) deliver the desired flow and composition of the mobile phase through the 
column. The detector generates a signal proportional to the amount of sample 
component emerging from the column, hence allowing for quantitative analysis of the 
sample components. HPLC instruments can also mix multiple solvents together in 
ratios changing in time, generating a composition gradient in the mobile phase.  
Detectors functioning according to many different principles are available as a means 
of sensing target analytes in the mobile phase as they elute from the column during 
HPLC. Defined peaks may be quantified directly or fractions containing the solutes 
can be collected for analysis by other means. Ultraviolet-visible diode array (UV-
DAD) and mass spectrometry are common detectors widely employed in the analysis 
of phenolic compounds. Spectrophotometric detectors in the ultraviolet (UV)-visible 
(Vis) range for HPLC are used more frequently than any other by analysts in general, 
so they are relatively inexpensive and tend to be one of the first to which any 
laboratory can have access. Figure 13 shows the HPLC-DAD equipment available in 
the Plant Food Research Group (Unizar facilities).  
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Mass spectrometry (MS) is a powerful analytical tool that can supply both structural 
information about compounds and quantitative data relating to mass. Sensitivity is a 
prime advantage of MS, allowing obtaining mass spectra of trace level compounds 
(low sample amount and/or low concentration) in the timeframe of chromatographic 
elution times. However, the high price of this equipment is a major limiting factor for 





Figure 13. Agilent 1200 series HPLC-DAD equipment. 
 
4.2 Antioxidant Activity 
The most widely used methods for measuring antioxidant activity involve the 
generation of radical species and the presence of antioxidants determining the 
disappearance of these radicals.  
4.2.1. Folin-Ciocalteu 
The Folin–Ciocalteu reagent is a mixture of phosphomolybdate and phosphotungstate 
used for the colorimetric in vitro assay of phenolic and polyphenolic antioxidants. The 
reagent measures the total reducing capacity of a sample, not just phenolic 
compounds. Because it measures antioxidant capacity in vitro, the reagent has been 
used to assay foods and supplements in food science. 
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Figure 14. Folin Ciocalteu reaction in which the visible color is enhanced by the chelation of 
Cu2+. Gradient of reducing capacity from greatest (left side) to least (right side). 
 
4.2.2. Ferric Reducing Ability of Plasma (FRAP) 
FRAP is an antioxidant capacity assay that uses 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox) as a standard. It is often used to 
measure the antioxidant capacity of foods, beverages and nutritional supplements 
containing polyphenols. FRAP is a method for assessing "antioxidant power." Ferric 
to ferrous ion reduction at low pH causes a colored ferrous-tripyridyltriazine complex 
to form. FRAP values are obtained by comparing the absorbance change at 593 nm in 
test reaction mixtures with those containing ferrous ions in known concentration. 
Absorbance changes are linear over a wide concentration range with antioxidant 





 Figure 15. FRAP absorbance change caused by the reduction of Fe3+ to Fe2+. A greater absorbance 
represents greater antioxidant power. Gradient of antioxidant power from least (left side) to greatest (right 
side) 
Despite Folin-Ciocalteu and FRAP are considered the two reference methods to asses 
antioxidant activity, in the last decade, the photochemiluminescence (PCL) method 
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has become very popular. It is a convenient technique to carry out routine analysis in 
a fast, reliable and highly sensitive way.  
4.2.3. Photochemiluminescence (PCL) 
PCL detection of antiradical activity of non-enzymatic antioxidants is based on a 
photochemical generation of free radicals by UV-irradiation in the assay system 
including luminol as a photosensitizer. In the PCL assay (photochemiluminescence) 
the photochemical generation of free radicals is combined with the sensitive detection 
by using chemiluminescence. The PCL is based on the photo-induced autoxidation 
inhibition of luminol by antioxidants, mediated from the radical anion superoxide     
(O 2-) and is suitable to measure the radical scavenging properties of single 
antioxidants as well as more complex systems in the nano-molar range. Luminol 
works as photosensitiser as well as oxygen radical detection reagent. The antioxidant 
potential is measured by means of the lag phase at different concentrations, calculated 
by a Trolox calibration curve and expressed as mmol equivalents in antioxidant 
activity of a reference compound (i.e. Trolox). Figure 16 shows a PCL instrument 
from Analytik Jena (Germany). 
  
Figure 16. PhotoChem photochemiluminescence machine by Analytik Jena. Antiradical activity is measured 
by using luminol as a photosensitizer 
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5. Study of proteins in biological systems  
Proteins are the most complex and abundant of the macromolecules. Within cells, 
many proteins function as enzymes in the catalysis of metabolic reactions, while 
others serve as transport molecules, storage proteins, electron carriers, and structural 
components of the cell.  
Protein separation is a core part of proteomic analysis. Polyacrylamide gel 
electrophoresis, with all of its different modifications is probably the most widely 
utilized procedure in contemporary biochemistry and molecular biology. All 
electrophoretic procedures are based on the fact that charged molecules in aqueous 
solution will migrate in an electric field.  
Proteins allow for an overall charge at a particular pH. They can be separated on the 
basis of size through gel electrophoresis. Proteins have a tertiary structure that is held 
together through hydrogen bonding between amino acid chains and sometimes 
covalent bonds. This tertiary structure will affect protein migration through the gel 
Therefore proteins are denatured through heating and treatment with a detergent (SDS 
or sodium dodecyl sulphate) and treated with a reducing agent, which breaks the 
disulphide bridges (eg. β-Mercaptoethanol). 
Protein gels are composed of polyacrylamide agarose gels (PAGE), which are heated 
to dissolve the agarose and require cooling to polymerize. The polymerization of 
acrylamide into polyacrylamide is a chemical process triggered by the compound N, 
N, N’, N’-tetraethylenediamine (TEMED). The gels are cast between two glass plates 
separated by spacers.  
5.1 One-dimensional (1D) Gel Electrophoresis 
1D electrophoresis is generally used to look at less complex samples and to see the 
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most abundant proteins. It is also very useful for comparing different production 
batches on a single gel.  PAGE gels are usually cast or formed in two distinct 
sections. The stacking gel (top section) where samples are loaded; and the resolving 
gel (lower section) where sampled are analyzed/separated by molecular mass. Once 
the negatively charged proteins migrate, the move towards the anode (+), which in a 
vertical chamber would be at the bottom. An example of a standard set-up for 1D 
electrophoresis is presented in Figure 17. 
Protein samples are run against standard containing proteins of known sizes. Protein 
standards are expressed in terms of kilodaltons (kDa), where one kilodalton is 
equivalent to the mass of 1000 hydrogen atoms. Proteins are often visualized by using 
staining dyes such as Coomassie Blue, fluorescence and silver staining methods. 
Today, newer staining methods can take as little as one-hour, compared to traditional 
stain that took several hours. 
  
Figure 17. One-dimensional gel electrophoresis set-up. 
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5.2 Two-dimensional (2D) Gel Electrophoresis  
A major challenge in proteomics research and biomarker discovery is the analysis of 
complex samples. The global strategy to address proteomic research must integrate a 
series of comprehensive and accurate separative and analytical technologies to deal 
with the immense complexity involved. Historically, two-dimensional polyacrylamide 
gel electrophoresis (2D-PAGE) has been the protein separation technique most 
commonly associated with proteomics. It relies on a first separation of proteins by 
isoelectric focusing (IEF) and then by molecular mass in the second dimension on 
application of an electrical potential across a solid-based gel. However, difference gel 
electrophoresis (DIGE) is a technology that has emerged in the last decade as a very 
valuable technique, as it allows for accurate quantification with statistical confidence 
while controlling for non-biological variation, increasing the dynamic range and 
sensitivity of traditional 2D PAGE (Lilley & Friedman, 2004).  
Difference gel electrophoresis 2D-DIGE (Figure 18) is based on direct labeling of 
lysine groups on proteins with cyanine CyDye DIGE Fluor minimal dyes before 
isoelectric focusing, enabling the labeling of three samples with different dyes and 
electrophoresis of all the samples on the same 2D gel. This capability minimizes spot 
pattern variability and the number of gels in an experiment while providing simple, 
accurate and reproducible spot matching (Tannu & Hemby, 2006). 
The 2D process begins with electrophoresis separation on a thin polyacrylamide gel 
strip by isoelectric focusing (IEF). A flow-chart of 2D gel electrophoresis is provided 
in Figure 19. Proteins are separated by their isoelectric point (pI) and remain in a 
single lane. The gel strip is then transferred onto a second gel (similarly prepared as 
the resolving gel in traditional 1D) and an electric potential is again applied, but at a 
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90 degree angle from the first field. In the second dimension proteins are separated by 







Figure 18. Differential in-gel electrophoresis (DIGE) apple image. Results can be visualized at 3 
different wavelengths. Samples were labeled with Cy2 (Cyanine) Cy3 (indocarbocyanine) and 
Cy5 (indodicarbocyanine) 
 
When a pH gradient is applied to the gel one end becomes more positive than the 
other. When proteins are positively charged, they are pulled towards the negative end 
of the gel and vice versa. In SDS gels, proteins are attracted to the more positive side 
of the gel proportional to their mass-to-charge ratio (SDS is negatively charged). 
Because it is unlikely that two molecules will be similar in two distinct properties, 
molecules are more effectively separated in 2D electrophoresis than in 1D 
electrophoresis. 
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Figure 19. Two-dimensional gel electrophoresis basic procedure. The 1st dimension utilized a 
thin isolelectric point gradient (IPG) gel strip, which is then transferred onto a SDS page 2nd 
dimensional gel. Source: Madras University.  
 
A frequent criticism of 2-DE is that it is s time consuming and require an expertise 
researcher, especially if working with large sized gels. Although automated 
equipment is available, it remains expensive. However, major advantages of 2-DE 
include in its excellent ability to fractionate proteins into definite protein spots for 
further identification.  
Traditionally, the study of proteins has always been done on a relatively small scale, 
partly because of the lack of methods to unambiguously and easily verify the protein 
identity. Experiments had to be carried out with great care to ensure that only the 
protein of interest was isolated. All of this has changed over the last 10 years with the 
development of technology capable of performing large-scale analyses and 
identification of proteins.  
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6. Specialized Techniques 
A major challenge in cell biology is to identify the mechanisms and inner workings of 
cells. Cells are considered systems in which a number of components determine the 
result of many biological processes. To characterize these pathways, the molecular 
components need to be understood. Specialized techniques such as “-omic”studies 
(genomics, proteomics, transcriptomics, metabolomics, etc.) have allowed for the 
extensive characterization of many cellular events. Most cellular processes involve 
proteins and their characterization has gained interest over the years. Mass 
spectrometry (MS) based proteomics has become increasingly important and is the 
most widely used method to understand protein processes. MS-based proteomics has 
been recognized to derive the protein composition of a cell, determine the architecture 
of protein complexes, protein inventory of organelles, and their dynamics. 
Currently, scientists are carrying out intensive research efforts to identify plant 
metabolites that are involved in up-regulation by biotic and abiotic factors. With the 
success of large-scale quantitative biology projects such as genome sequencing 
(genomics), more and more research has been assigned to study specific cells and 
their functions in both plants and humans. Quantitative and qualitative measurements 
of all kinds of cellular metabolites potentially yield answer to unknown questions 
regarding cellular structures and their biochemical processes. 
6.1 Apple Genome 
In 2010, Istituto Agrario San Michele all'Adige (IASMA) decoded the complete 
genome of the apple in collaboration with Washington State University. The genome 
has about 57,000 genes (shown below in table 3), the highest number of any plant 
genome studied to date and more genes than the human genome (about 30,000). The 
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apple genome discovery will help scientists in identifying genes and gene variants 
that contribute to resistance to disease and drought, and other desirable characteristics. 
Understanding the genes behind these characteristics will allow scientists to perform 
more knowledgeable selective breeding.  












Apple 57,386/0.78 42.4 4,021 178 992 (58, 27) 1,246 
Cucumber 26,682/0.73 14.8 ND ND (171) 61 (ND) ND 
Soybean 46,430/0.42 50.3 5,671 41 (85) 392 (61, 32) 598 
Poplar 45,654/0.94 35.0 2,758 174 (234) 402 (59, 20) 1,034 
Arabidopsis 27,228/2.2 18.5 2,437 89 (199) 178 (32, 52) 719 
Grape 33,514/0.66 21.5 2,080 130 (137) 341 (57, 11) 1,121 
Rice 40,577/0.97 39.5 2,798 140 (447) 535 (89, 0) 910 
Brachypodium 25,532/0.94 28.1 2,187 62 (129) 238 (89, 0) 390 
Sorghum 34.496/0.47 62.0 2.312 116 (148) 245 (75, 0) 555 
Maize 32,540/0.15 84.2 5,246 153 (170) 129 (74, 0) 457 
 
6.2 Breeding 
Despite many years of research, the mechanisms involved in bitter pit development 
are still not well understood. A deep knowledge of the factors that trigger this disorder 
is needed to devise more effective control strategies during breeding programs. 
At the genomic level, predictive quantitative trait locus (QTLs) DNA tests have been 
developed to predict and breed out bitter pit alleles. The BP16, BP13, and LG16ma 
alleles are thought to be partially responsible for bitter pit, and were discovered while 
selective breeding for shelf life, color, acidity, and flavor (Lezzoni et al., 2010). 
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RosBREED has developed BP16-indel and BP13-SSR tests to validate QTL alleles.  
Figure 20 shows the apple allele locations and their function in apple. QTL tests have 









Figure 20. Proposed linkage groups of QTL allelles to target specific characteristics for breeding. 
Source: (Lezzoni et al., 2010) 
 
However, in the quest to understand biological processes, the study of proteins cannot 
be avoided. Proteomics provides us with a variety of exciting new strategies to 
address biological questions.  
6.3 Proteomics  
With the influx in genomic data and improvements in analytical technology, 
proteomics has become increasingly important to study the many different aspects of 
plant functions. While proteins serve as important components of major signaling and 
biochemical pathways, studies at protein levels are essential to reveal molecular 
mechanisms underlying plant growth, development, and interactions with the 
environment (Chen & Harmon, 2006). 
	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  General	  Introduction	  	  
	   51	  
The understanding of protein components from genetic abnormalities, can lead 
researchers to begin to piece together changes that have occurred due to mutation or 
natural evolution. The term "proteome" refers to the entire complement of proteins, 
including the modifications made to a particular set of proteins, produced by an 
organism or a cellular system. Proteome changes will vary with time and several other 
factors, including stresses that a cell or organism with experience. The term 
"proteomics" is a large-scale comprehensive study of a specific proteome, including 
information on protein abundances, their variations and modifications, along with 
their interacting partners and networks, in order to understand cellular processes. 
Proteomic studies of a specific cell or other biological system should ideally detect all 
proteins and their functions. A proteomics- based approach has the unique benefit to 
identify changes in protein patterns between different states of an organism (Tannu & 
Hemby, 2006, Figeys, 2005, Aebersold & Mann, 2003, Chen & Harmon, 2006). In 
addition, the screening for markers of disease has been one of the principal objectives 
in a large number of proteomics studies. Improvement in protein identification will 
provide further insights into pathological processes and will most likely be especially 
valuable in cancer research.  
The application of MS technology to the evaluation of “protein modifications” further 
extends the scope of proteomic analysis in depth. Despite being rather complex, this 
emerging field has large potential for clinically relevant research. The development of 
quantitative and qualitative proteomics has widened the applicability of these 
techniques beyond a purely descriptive study design.  
Mass spectrometry can be used to identify proteins by providing the molecular mass 
to electric charge (m/z) ratio of molecular species in a sample. Today it is now 
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possible to identify proteins by using search algorithms that search public “protein 
databases,” such as the National Center for Biotechnology Information (NCBI) 
database, which can be accessed over the Internet.  
6.3.1 Bottom-up Proteomics 
Bottom-up proteomics is a method used to identify proteins and characterize their 
amino acid sequences and post-translation modifications; it is considered the 
foundation for much of the protein research performed in mass spectrometry. The 
term ”bottom-up” implies that information about the constituent proteins of a 
biological sample are reconstructed from individually identified fragment peptides. 
Trypsin, the most commonly used digestion enzyme cuts arginine and lysine residues 
at the C-terminal. This process generates peptides that are of moderate size due and 
tend to carry two or three positive charges when ionized by electrospray. Tryptic 
peptides are generally optimal for MS/MS analysis via collision-induced dissociation 
as their charge state and length provide fragmented information that is not too 
complex. The resulting peptides are usually separated using one or more dimensions 
of liquid chromatography. Generally, the eluent of a HPLC system is interfaced to a 
mass spectrometer using electrospray ionization and the fragment peptides are 
analyzed by MS/MS.  
Electrospray ionizaton (ESI)-based MS/MS analysis coupled to online reverse-phase 
LC separation has become the default choice for analysis of peptides. Due to its 
performance of tryptic peptides under ESI conditions, researchers have sought to 
analyze more complex peptide mixtures. Thousands of individual peptides can be 
analyzed in a single analytical run using modern LC-MS/MS techniques. 
A work flow of the strategy of bottom up-proteomics is presented in Figure 21.  
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Figure 21. Example of a typical Bottom-up proteomic work flow  
(Source: www.thermoscientific.com) 
 
6.3.2 Shotgun Proteomics 
A major obstacle in proteomics research is the analysis of complex samples. The 
global strategy to address proteomic research must integrate a series of 
comprehensive and accurate separative and analytical technologies to deal with the 
immense complex samples involved.  
Shotgun proteomics refers to the use of bottom-up proteomics techniques in which the 
protein content in a biological sample mixture is digested prior to separation by mass 
spectrometry analysis (McDonald & Yates, 2003, Kislinger & Emili, 2003)). 
Typically, LC coupled with tandem MS/MS is used to separate digested peptides and 
identification.  
Mass spectrometry based shotgun proteomics is a modern, fast and relatively easy 
method for large-scale protein identification. When relative protein quantitation is 
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chosen, there are two methods commonly used, label and label-free. Label protein 
quantitation uses isotopes or isobaric tags that shift the mass of a labeled protein or 
peptide. Label-free protein quantitation (Figure 22) relies on ion peaks, ion mass 
counts, or number of tandem mass spectra (spectral counting) to determine the 






Figure 22. A flow chart representation of Label-free quantitation 
 
The MS/MS spectra are searched against a protein database to identify peptides in the 
sample by comparing experimental MS/MS spectra with in silico spectra generated 
from the peptide sequences (Wu & MacCoss, 2002).  
There are a variety of algorithms for the interpretation of peptide fragmentation data. 
The most commonly employed algorithms, such as those used by SEQUEST®  and 
Mascot™, attempt to determine the identity of a peptide by comparing the observed 
fragmentation pattern to theoretical fragmentation patterns derived from protein 
sequence databases and heuristic fragmentation rules. Figure 23 shows a snapshot of 
X!tandem pipeline software, which was employed in the proteomic studies carried out 
in this research. Spectra identification was performed automatically and Identified 
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fragments were aligned with a known peptidic database. Matched fragments 










Figure 23. Shotgun proteomic fragmented peptides are compared against a known database in silico and 
potential proteins are matched 
 
The observed mass of the intact precursor ion is used to constrain the set of theoretical 
peptides that are considered within a tolerance range based on the accuracy of the 
measurement. Instruments that provide high mass accuracy precursor measurements 
allow greatly improved search times and improved confidence in peptide 
identifications.  
An emerging analytical approach involves the use of spectral libraries. These are sets 
of previously acquired fragmentation spectra, usually annotated and filtered for 
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quality. Experimental spectra are compared to library spectra directly, rather than to 
theoretical spectra, to provide identification. This has the advantage of using 
information about the actual fragmentation behavior of a given peptide, rather than 
generalized fragmentation rules, thus improving the accuracy of the pattern matching 
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Abstract 
 
The polyphenolic profile and antioxidant activity of peel, pomace, and juice of ‘Verde 
Doncella’, a Spanish apple cultivar is presented. Phenolic profile of the worldwide cultivated, 
‘Red Delicious’ cultivar was used for comparison. Flavanols, hydroxycinamic acids, 
flavonols, phloridzin, procyanidin B2, and gallic acid were quantified by HPLC. Larger 
concentrations of polyphenolics were found in the peel, which is in agreement with the Total 
Phenolic Content (TPC) and antioxidant activity (FRAP) values. ‘Verde Doncella’ expressed 
lower concentrations of flavanols and quercetin derivates in peel, pomace, and juice when 
compared to ‘Red Delicious’. ‘Verde Doncella’ was richer in p-coumaric acid and 
procyanidn B2 in the peel.  
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Introduction 
Production area of ‘Verde Doncella’ (Malus domestica), a lesser known, high market value 
Spanish apple cultivar, is mainly located in the Aragón region, in northeastern Spain. ‘Verde 
Doncella’ has a relatively long history in this area, stretching back as far as the 19th century 
(Errea-Abad, 2009). The fruit possess a pinkish-yellow color and is highly appreciated by 
consumers due to its juicy, sweet, and aromatic characteristics. Since the 1950s, important 
transformations in the Aragón agricultural sector have led to the abandonment of primitive 
agricultural practices in favor of mechanical-based production. These changes have resulted 
in the replacement of traditional cultivars with others from diverse origins, to increase 
demand and production. However, in the last decade, an increasing trend to reintroduce local 
varieties into the marketplace, products reflecting the local region has been observed (Errea-
Abad, 2009).  
The general perception that apples are good for human health, together with the consumer’s 
increasing demand for functional foods, has encouraged researchers to study in depth the 
polyphenolic profiles and antioxidant properties of many apple cultivars. It is well known 
that apples are one of the most important natural sources of polyphenols, exhibiting 
antioxidant activity, which can potentially prevent chronic diseases (Boyer & Liu, 2004, 
Wolfe et al., 2003).  
During the past few years, a lot of research has been devoted to polyphenols, their occurrence 
in apples (Guyot et al., 1998, Spanos, 1992, Schieber et al., 2003, Tsao & Yang, 2003, Burda 
et al., 1990, Leccese et al., 2012) and apple derivates (by-products) (Dragovic-Uzelac et al., 
2005, Lata et al., 2009, Garcia et al., 2009, Karaman et al., 2010a, Karaman et al., 2010b). 
These studies have contributed to elucidate the major polyphenolic groups and many 
individual polyphenolic compounds in a variety of cultivars. According to the studies 
mentioned above, the major phenolic groups that are present in different apple cultivars 
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belong to the hydroxycinnamic acids, flavanols, flavonol anthocyanins, and dihydrochalcons 
families. With respect to individual compounds, the major apple phenolics are chlorogenic 
acid, quercetin glycosides, procyanidins and phloridzin. Distribution of these compounds 
vary considerably among apple cultivars, and seem to be regulated by environmental and 
post-harvest factors, including fruit season, fruit maturity, light exposure, storage and 
processing (Kahle et al., 2005).  
Major phenolics are well characterized in commercially important cultivars such as ‘Red 
Delicious,’ Golden Delicious, Fuji and Granny Smith, but little or no data is available for 
traditional, secondary varieties specific to small production areas such as ‘Verde Doncella’. 
To the best of our knowledge, only one study carried out more than twenty years ago (Perez-
Ilzarbe et al., 1991), has analyzed the phenolic composition in ‘Verde Doncella’ apples. In 
this study, four major groups of compounds (catechins, procyanidins, hydroxycinnamic acid 
esters and flavonoid glycosides) in the peel, pomace, and juice of five apple cultivars, were 
quantified using HPLC.  
The lack of information with respect to phenolic composition and antioxidant properties for 
‘Verde Doncella’, has motivated the present work. This paper therefore provides a 
preliminary insight into the phenolic profile (including color measurements and 
quantification of major phenolics), and antioxidant activity (FRAP) for ‘Verde Doncella’. For 
comparison purposes, the present paper also includes data for ‘Red Delicious’ apples. 
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Materials and Methods 
 
Chemicals  
Folin-Ciolcalteu reagent, sodium carbonate anhydrous, gallic acid monohydrate, 2,4,6-tris(2-
pyridyl)-s-triazine, (±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid, sodium 
acetate trihydrate, iron (Breksa Iii et al.) chloride hexahydrate, procyanidin B2, chlorogenic 
acid, (+)-catechin, (+)-epicatechin, kaempferol, caffeic acid, quercetin, quercetin 3-
galactoside, quercetin 3-glucoside, quercetin 3-rhamnoside, p-coumaric acid, phloridzin and 
rutin hydrate were all obtained from Sigma-Aldrich Co. (St. Louis, MO, USA). Sodium 
hydroxide 0.1 mol/L, hydrochloric acid 1.0 mol/L, malic acid, sodium fluoride, and iron (II) 
sulfate 7-hydrate were all obtained from Panreac Química S.A.U. (Barcelona, Spain). 
LiChrosolv methanol for liquid chromatography and acetic acid (glacial) anhydrous GK for 
analysis were obtained from Merck KGaA (Darmstadt, Germany). 
 
Plant material 
The apple cultivars evaluated in this study were Malus domestica ‘Verde Doncella’ and 
Malus domestica ‘Red Delicious.’ All fruits were commercially harvested in 2010, in an 
orchard belonging to Frutas Villalengua S.L., located in Zaragoza, (Spain). Apples remained 
in the suppliers packaging cartons and were cold stored at 2-3ºC, for two weeks until 
analysis.   
 
Color measurements 
Apple cartons were removed from cold storage and allowed to acclimate to room temperature 
for one hour. Colorimetric measurements were performed according to a previously 
published group article (Marquina et al., 2004) on each apple of both cultivars (measuring 
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peel only) using a Instrument System Spectroradiometer IS CAS 140 (Instrument System, 
München, Germany) with a TOP 100 probe with an AF Nikkor 200 mm 1:4 lens. The 
spectroradiometer equipment was controlled by ISCOLOR software (Version 2.53, 1996. 
Instrument Systems Optische Messtechnik GmbH; München, Germany). Illumination was 
supplied by a 12V-100W projection lamp (type 6834, Royal Philips Electronics, Amsterdam, 
The Netherlands) attached to a DC power supply (Diamond Antenna, San Marcos, CA, 
USA). Illumination equipment was operational for 40 min until light spectrum stabilized. 
White standard was calibrated using a Spectralon® reflectance standard (NIST certified, 
Labsphere Inc., North Sutton, NH, USA). Apples were measured on a rotating sample 
platform. Reflectance spectra were measured every 4 s allowing the apple to revolve 360º. 
Approximately 200 measurements were collected around the latitude of each apple in 4 s, 
averaged into one measurement. Spectra were measured between 380 and 900 nm every 1 
nm. From these spectra, CIELAB (CIE 2004) coordinates L*, a*, b*, C* and hab were 
calculated with the CIE64 Standard Observer and the D65 Illuminant.. .  
 
Sample processing (Phenolics extraction from peel, pomace and juice) 
Fresh apple samples from ‘Red Delicious’ and ‘Verde Doncella’ cultivars were peeled with a 
hand peeler (1-2 mm thickness). Apple pomace and juice were collected after processing the 
remaining apples through a juicer (Sammic, Azkoitia, Spain). Apple peel, pomace, and juice 
were processed separately. Five g for each sample was added into sterile 50 mL conical 
centrifuge tubes. Approximately 10 mL of an 80% aqueous methanol extraction solution 
containing sodium fluoride in order to slow oxidation was added to each centrifuge tube. The 
tubes were shaken for 30 min and then stored at -32ºC for 24 hours. After 24 hours, sample 
solutions were centrifuged at 2600 g for 40 min at 0ºC ± 1ºC and then filtered. In order to 
optimize sample clarification, a total of 13 different filters (in terms of pore size and supplier) 
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were tested to filtrate the supernatant. Additionally, several methods of filtration (syringe, 
gravity, vacuum) were assayed as shown in Table 2. The supernatant was finally filtered 
through a Pall Life Sci, Corp. 0.45µm Acrodisc syringe filter and the filtrate was stored at -32 
ºC prior to analysis. These extracts (for apple peel, pomace and juice) were employed in 
further chemical analysis (TPC, FRAP and HPLC).  
 
Dry weight 
Apple dry weight was determined gravimetrically, based on sample weight loss after being 
heated in an oven at 38ºC for several days (AOAC, 1990). Samples were dryed in labeled 
brown paper bags. 
 
Total Phenolic Content (TPC)  
Total phenolic content was determined by a modified Folin-Ciocalteu method (Singleton et 
al., 1999, Singleton & Rossi Jr., 1965). Briefly, 1 mL aliquot of peel, pomace or juice extract 
was mixed with 5 mL of Folin-Ciocalteu reagent. After 30 seconds and before 8 min, 4 mL of 
7.5% sodium carbonate (Na2CO3) was added into volumetric flasks. Flasks were incubated in 
the dark for 60 min at room temperature. Absorbance was measured at 760 nm against a 
blank extraction solution (80% aqueous methanolic solution with NaF) in an UV/Visible 
spectrophotometer (model 6506 from Jenway). The standard curve was prepared with gallic 
acid (0 to 200 mg/L solutions) in 80% methanol. Total phenolic content of samples were 
expressed in Gallic acid equivalents (GAE) (mg/100 g). Experiments were performed in 
triplicate. 
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Antioxidant activity: Ferric Reducing Ability of Plasma/Antioxidant Power (FRAP) Assay 
The FRAP method was modified from protocol (Benzie & Strain, 1996b). This method is 
based on the reducing power of an antioxidant, which will reduce the ferric ion (Fe 3+) to the 
ferrous ion (Fe2+); the latter will form a blue-violet complex (Fe2+/TPTZ) which will increase 
the absorption at 595 nm.  
The FRAP reagent (150 µL) and 20 µL of apple extract (peel, pomace or juice) or standard 
(Trolox), were added into each well of a 96-well TPP (TPP AG, Trasadingen, Switzerland) 
tissue culture plate. Plates were then read at 595 nm using a Tecan GENios multifunction 
micro plate reader (Tecan Trading AG, Männedorf, Switzerland). Replications were made in 
triplicate of each treatment. Standard Curves were prepared for each plate. The antioxidant 
capacity is mentioned as Trolox equivalents (µmol eq. Trolox /100 g).  
 
Determination of phenolic compounds by HPLC 
Phenolics were identified and quantified with a HPLC system from Agilent Technologies 
(1200 Series) equipped with a quaternary pump, a degasser, a thermostatic auto-sampler, and 
a UV-Diode Array detector. Injection volume for each apple extract (peel, pomace or juice) 
was 10 µL. Chromatographic separation was performed using a Zorbax SB-C18 column (150 
mm x 4.6 mm i.d.; particle size 3.5 µm). The binary phase was performed according to a 
modified Tsao & Yang (2003) procedure. Solvent A consisted of 6% acetic acid in 2mM 
sodium acetate (final pH 2.55, v/v) and solvent B, was pure acetonitrile. All solvents were 
filtered and degassed through a 0.45-µm nylon filter before analysis. Flow rate was set at 0.6 
mL/min for a total run time of 48 min. The system was run with a gradient program: 0-15% B 
in 27 min, 15-30% B in 9 min, 30-50% B in 3 min and 50-100% B in 3 min. A post-run of 6 
min at initial conditions for equilibrium was also performed. This program permitted the 
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analysis of the major apple phenolics in a relatively short chromatographic run (≅ 30 min). 
Phenolics were detected at 280, 320, 360, and 520 nm (Figures 1 and 2).  
 
Chromatograms and UV-Vis spectra were acquired with Chemstation software (Agilent 
technologies, Santa Clara, California, USA). Phenolics identification was achieved by 
comparing retention times and UV-Vis spectra with available standard reference compounds. 
Unknown peaks were tentatively identified by comparison with known polyphenol group 
profiles of similar apple cultivars previously described in the literature (Schieber et al., 2001, 
Tsao & Yang, 2003). Concentration of phenolics was determined by interpolating in pure 
compound standard curves. All samples were prepared and analyzed in triplicate. 
 
Data Analysis 
The values obtained in the analysis of TPC, antioxidant capacity and quantitative data 
derived from HPLC analysis were subjected to analysis of variance (ANOVA) using 
GraphPad Prism (Version 5.00, GraphPad Software, La Jolla, Ca, US). When significance 
was observed (p ≤ 0.05) a Tukey's test was performed for separation of means. Additionally, 
the relationship between the total phenolics (measured by both TPC and HPLC) and the 
antioxidant activity were examined by Pearson correlations.  
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Results and discussion 
 
Color 
CIELAB color coordinate measurements are presented in Table 1. Previous publications 
have reported measured CIELAB color coordinates in apples (Abbott et al., 2004, Iglesias et 
al., 2002). However in each experiment, color was measured using a hand held pistol, 
recording individual random points of a sample. In this experiment, samples were placed on a 
rotating platform (360º) and evaluated with a fixed camera, recording constant color value 
measurements (n=200) during a single revolution. Use of a rotational platform allowed 
samples to be read homogenously and precisely, avoiding possible errors related to light 
position source or measurement angle. Presented color measurements of ‘Red Delicious’ are 
consistent with other investigations measuring color of the same cultivar (Iglesias et al., 
2002, Chauhan et al., 2010). Color parameters of ‘Verde Doncella’ are reported for the first 
time.  
 
Optimization of extract filtration for absorbance-based measurements 
During preliminary tests it was observed that phenolic extractions with methanol provided 
turbid supernatants with small particles in suspension. Such turbidity presented a problem for 
further spectrometric measurements, as it lead to unstable and high absorbance values. 
Therefore, an optimization effort was made to select a filter that could provide greater clarity 
for the supernatant, while still being efficient and fast (to limit sample oxidation). Table 2 
lists the 13 filters assayed, the type of filtration (vacuum, gravity and syringe), the pore size 
and the average absorbance obtained after juice filtration. Vacuum filtration resulted in rapid 
sample recovery; however, vacuum produced more turbid extracts (and therefore greater 
absorbance values) when compared to gravity and syringe filtration. On the other hand, 
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gravity filtration was slow and the time required in collecting enough sample filtrate risked 
increasing sample oxidation. Taking into account both quality of absorbance measurements 
and filtration time, the Pall Life. Sci. Corp Acrodise Syringe Filter filter was chosen. 
 
Total Phenolic Content (TPC) 
When comparing between cultivars (Table 3), the most outstanding result is that peel from 
‘Red Delicious’ contained a TPC (12.7 mg/GAE/ g DW) more than twice as large as the TPC 
of ‘Verde Doncella’ (13 mg/GAE/ g DW). The TPC obtained from ‘Red Delicious’ peel in 
our work corresponded well with previously reported studies (Boyer & Liu, 2004). On the 
contrary, only few differences were found between ‘Red Delicious’ and ‘Verde Doncella’ 
when comparing TPC for pomace and juice samples, as no significant differences were 
observed, respectively, between means.  
For both varieties, TPC varied significantly between collected peel and pomace. TPC values 
for apple peel provided the largest values, which is in agreement that phenolics will 
accumulate in dermal tissues of plant bodies, thus increasing TPC (Tsao & Yang, 2003). 
Previous studies (Wolfe et al., 2003);(Vieira et al., 2009) explained that TPC in peel was 
greater than in juice or pomace due to the presence of phenolic compounds such as 
anthocyanins and quercetin glycoside molecules, found only in the peel region. Included in 
TPC is phloridzin, a dihydrochalcone that is up to three times more concentrated in the skin 
than in the flesh (Guyot et al., 1998). With regard to ‘Verde Doncella’, TPC values were also 
greater in peel samples when compared to pomace and juice samples. The single study that 
we have found reporting data from ‘Verde Doncella’ has been conducted by Perez-Ilzarbe 
and co-workers (Perez-Ilzarbe et al., 1991). In this study, the phenolic compounds in flesh, 
juice and skins of five apple varieties (Starking red, Reineta, Golden Delicious, ‘Verde 
Doncella’ and Granny Smith), were identified by HPLC. Major compounds quantified were 
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cathechins, procyanidins, hidroxycinnamic acids and flavonoid derivates. The study 
concluded that the phenolic content showed different patterns depending on the part and 
cultivar of the fruit, highlighting that ‘Red Delicious’ polyphenols concentrations are 
significantly higher than ‘Verde Doncella’ in peel, pomace and juice, a result in agreement 
with our data. 
 
Antioxidant activity: Ferric Reducing Ability of Plasma/Antioxidant Power (FRAP) Assay 
Protocols used were based on studies by Benzie & Strain (Benzie & Strain, 1996a, Benzie & 
Strain, 1999) with some modifications. To prepare the FRAP reagent, these studies used a 
mixture of three solutions (TPTZ, Acetone buffer, and FeCl2∑6H2O). In every publication 
describing FRAP preparation, ethanol or acetone was used to dissolve TPTZ powder, 
followed by water. In our study, neither water nor ethanol was fully able to dissolve TPTZ; 
however, by using methanol, a more polar solvent, better results were obtained. Antioxidant 
properties of apple extracts were evaluated to identify their capacity to reduce iron from 
ferric (Fe+3) to ferrous (Fe+2). Antioxidant results are presented in Table 3 for ‘Red 
Delicious’ and ‘Verde Doncella’ apple peel, juice and pomace samples. 
Antioxidant activity measured from peel appeared greater than pomace for both cultivars, 
which is in accordance with previously observed TPC contents. The United States 
Department of Agriculture (2010) reported Oxygen Radical Absorbance Capacity (ORAC) 
values of ‘Red Delicious’ with skin greater than ‘Red Delicious’ without skin. This 
Institution also reported ‘Red Delicious’ ORAC values greater than all other fresh apple 
varieties tested, a result in accordance with our TPC data. 
Significant differences were found between antioxidant activity in apple peel and juice in 
both varieties. ‘Red Delicious’ peel extract displayed significantly greater antioxidant activity 
(143 µmol eq. Trolox) when compared to ‘Verde Doncella’ (52 µmol eq. Trolox); this result 
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was consistent with the TPC contents found in both cultivars. On the contrary, antioxidant 
activities in both apple juices were not significantly different (6.6 µmol eq. Trolox found in 
both cultivars). Antioxidant activity data presented in our study is in agreement with data 
published by other authors (Lotito & Frei, 2004). 
 
Determination of phenolics by HPLC 
The characteristic HPLC chromatographic profile of apple samples in ‘Red Delicious’ and 
‘Verde Doncella’ cultivars are presented in Figures 1 to 4. Of the four wavelengths (λ) tested 
for separating apple peel phenolic compounds, λ monitored at 280, 320, and 360 nm yielded 
UV-Spectra similar to pure compounds tested for detecting hydroxybenzoic acid derivatives, 
flavan-3-ols, dihydrochalcone, and hydroxycinnamic acid derivatives. Tsao and Yang (Tsao 
& Yang, 2003) reported similar results when analyzing ‘Red Delicious’ apple peel. They also 
reported that the variation in wavelength provides advantages for simultaneous detection of 
major polyphenolics in fruit. 
‘Verde Doncella’ chromatograms from peel samples contained a greater number of peaks 
when compared to ‘Red Delicious’. In regard to ‘Verde Doncella’, a total of four minor peaks 
were found after phloridzin (Figure 4). As expected, HPLC profiles were more complex (in 
terms of number of compounds and peak area) for peel than for pomace and juice in both 
cultivars. The flavanol epicatechin (peak number 10), and the dihydrochalcone phloridzin 
(peaks 24 in ‘Red Delicious’ and 25 in ‘Verde Doncella’), were the greatest peaks in the 
chromatographic profile of both cultivars. These results are in agreement with previous 
studies (Schieber et al., 2001, Tsao & Yang, 2003) that pointed out epicatechin and 
phloridzin as the most abundant compounds in apple peel. 
A total of 14 compounds belonging to the five major families of phenolic compounds 
(flavanols, hydroxycinnamic acids, flavonols, dihydrocalcones and procyanidins were 
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determined by HPLC. Method sensitivity was achieved by using wavelengths at the 
maximum UV absortion (λmax) for different families of polyphenols. All standards gave high 
linearity within the calibration range. Data with the optimum λ used for measurements, and 
the mean concentrations of compounds in peel, pomace and juice samples are presented in 
Table 4.  
Apple Peel. As shown in Figures 3 and 4, the chromatographic profile of apple peel was 
more complex in terms of the number of compounds and peak areas. Although different 
phenolic distribution patterns can be observed among apple cultivars, it is known that apple 
peel has substantially higher phenolic content and antioxidant activity than other fruit parts. 
For example, Boyer and Liu (Boyer & Liu, 2004) reported that apple peel contains the most 
phytochemical compounds including procyanidins, catechin, epicatechin, chlorogenic acid, 
phloridzin, and quercetin conjugates.  
Epicatechin arose as the major phenol in both varieties, although ‘Red Delicious’ content 
(273 µg/g DW) was much higher than the one found in ‘Verde Doncella’ (135 µg/g DW). 
Other compounds presenting relatively high concentrations for both cultivars were catechin, 
chlorogenic acid and quercetin-3-glucoside. Two compounds presented a greater 
concentration in ‘Verde Doncella’; p-coumaric acid (reaching a value of 59 µg/g DW) and 
procyanidin B2 (118 µg/g fresh apple). On the contrary, the two other hydroxycinnamic acids 
were more concentrated in ‘Red Delicious’. Quercetin derivates were almost exclusively 
found in the peel of both cultivars. However, major differences were observed between their 
contents as ‘Red Delicious’ presented a total concentration of flavonols (333 µg/g fresh 
apple), more than twice as large as those found in ‘Verde Doncella’ (135 µg/g fresh apple). 
Data clearly illustrates that even if apple peel represents a minor percentage (around 10 %) of 
the whole fruit weigh, it is a major source of phenolic compounds. Total phenol content was 
by far greater in the peel, with 1173 and 894 µg/g DW for ‘Red Delicious’ and ‘Verde 
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Doncella’, respectively, which highlights the significance of apple peel as a polyphenol 
source in both varieties.  
 
Apple pomace. Pomace chromatograms contained fewer peaks when compared to peel 
samples. ‘Red Delicious’ chromatograms included 21 peaks, while ‘Verde Doncella’ had 16 
peaks. Phenolic compounds quantified as having the greatest concentration in apple pomace 
were flavanols (catechin and epicatechin), chlorogenic acid and procyanidin B2. With respect 
to quercetin derivates, only quercetin-3-galactoside and quercetin-3-O-rutinoside could be 
quantified in the pomace of ‘Red Delicious’, whereas no quercetin derivate could be detected 
in ‘Verde Doncella’ pomace. Burda et al. (Burda et al., 1990) previously reported that 
quercetin glycosides were found only in peel samples, after testing skin and flesh samples. 
Schieber et al. (Schieber et al., 2003) reported the presence of quercetin 3-rhamnoside in 
dried apple seeds (nearly twice as much as the next quercetin glycoside). Despite our 
processed pomace samples included the seeds, quercetin-3-rhamnoside could not be detected 
in any of the pomace samples tested for either cultivar. Other compounds found in smaller 
quantities in both cultivar pomaces included: phloridzin and gallic acid. It is important to 
point out that the total content of flavanols, hydroxycinnamic acids, flavonols, phloridzin, 
procyanidin B2 and gallic acid content was always less in ‘Verde Doncella’ than in ‘Red 
Delicious’. 
Apple Juice.. Total phenolics were much higher in ‘Red Delicious’ (89 µg/g FW) than in 
‘Verde Doncella’ juice (58 µg/g FW). ‘Red Delicious’ juice contained greater polyphenol 
compound concentrations when compared to ‘Verde Doncella’ juice (87 µg/g vs. 58 µg/g). 
Valles et al. (Valles et al., 1994) reported Spanish varieties had fewer polyphenol 
compounds, namely epicatechin, phloridzin, procyanidin B2, and trimer and tetramer 
procyanidins when compared to English apple varieties, results that are reflected by our data. 
	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 	  
	   78	  
Interestingly, no p-coumaric acid was found in juice (nor in pomace) of ‘Verde Doncella’, 
although a relatively high content of this compound was present in the peel. Catechin and 
epicatechin, together with chlorogenic acid and procyanidin B2 were identified as polyphenol 
compounds containing greater concentrations in juices from both cultivars. Previous studies 
(Karaman et al., 2010b, Schieber et al., 2001, Wu et al., 2007) have identified catechin, 
epicatechin, chlorogenic acid, caffeic acid, and phloridzin in apple juices and ciders 
 
Relationship between total phenolics and antioxidant activity 
The relationship between the total phenolics (measured by both TPC and HPLC) and the 
antioxidant activity were examined by Pearson correlations. ‘Red Delicious’ peel had the 
greatest antioxidant activity according to the FRAP method, results which are consistent with 
the TPC values found for this cultivar. The FRAP activity of peel, pomace, and juice of both 
cultivars showed positive linear correlations with TPC (r=0,99) and total phenolics 
determined by HPLC (r=0.96 for ‘Red Delicious’; r=0.99 for ‘Verde Doncella’). When 
calculated against the major groups of polyphenols, the FRAP values were found to have the 
best linear correlation with the flavanols (r=0.99) and quercetin derivates (r=0.98) for ‘Red 
Delicious,’ and ‘Verde Doncella’ (r=0.95 and r=0.99, respectively). This assay clearly 
showed therefore that flavanols and flavonols (quercetin derivates) were the most important 
contributors to the antioxidant activity of both apple cultivars.  
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Conclusions 
This study provides a database for color CIELAB coordinates, qualitative and quantitative 
phenolic composition, and antioxidant activity of ‘Verde Doncella,’ a valuable apple cultivar 
from northeast Spain that has received little to no attention in previous works focused on 
apple phenolic composition. ‘Verde Doncella’ results were compared to data from ‘Red 
Delicious’, a worldwide-cultivated variety.  
Our results highlight that the phenolic distribution patterns as well as the antioxidant activity 
were quite different among cultivars. ‘Verde Doncella’ demonstrated lower TPC and total 
phenolics values measured by HPLC, especially with respect to total flavanols and quercetin 
derivates in the three parts of the fruit evaluated (peel, pomace and juice). These observations 
agreed with the low antioxidant activity values acquired for this variety. For both cultivars, 
the qualitative and quantitative distribution of phenolic compounds varied significantly 
between the peel, pomace and juice. At the individual compound level; flavanols and 
flavonols (quercetin derivates) were the most important contributors to the antioxidant 
activity of both apple cultivars. 
The high polyphenolic potential and antioxidant activities of ‘Verde Doncella’ in apple 
pomace, comparable to those of ‘Red Delicious,’ point out the possible health benefits in the 
consumption of this variety. This study shows that ‘Verde Doncella’ cultivar presents an 
interesting polyphenolic profile. The high total phenol content, especially p-coumaric acid 
and procyanidin B2 in peel as well as phloridzin in pomace, make this apple cultivar a 
valuable source of natural antioxidants.  
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Table 1. Color coordinates obtained in the initial characterization of apples. The presented 
valuescorrespond to the average ± standard deviation of 200 measured points per sample.  
 
Cultivar L a b C h 
‘Verde Doncella’ 76.4±3.9 0.0±3.0 49.8±2.2 49.9±2.3 90.1±3.4 
‘Red Delicious’ 51.2±5.6 31.5±3.7 33.0±3.0 45.8±1.3 46.3±5.7 
Parameter L* indicates brightness or lightness (0 = black, 100 = white) 
 a* indicates chromaticity on a green (-) to red (+) axis 
 b* indicates chromaticity on a blue (-) to yellow axis (+).  
The hue is an angle in a color wheel of 360°, with 0°, 90°, 180° and 270° representing the hues red-purple, 
yellow, bluish-green and blue respectively, while Chroma is the intensity or purity of the hue (McGuire, 1992) 
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Table 2. Filters commercial name, type of filtration, pore size and average absorbance of 
filtrate extracts assayed for filtration optimization.  
 






Deviation* 1.Albet 9 cm 88663  Gravity; vacuum 25 0.43±0.01 
2.Albet 11 cm DP140110 Gravity 15.5 0.22±0.01 
3.Albet 13 cm  Gravity; vacuum 25 0.55±0.01 
4.Filter-Lab 1250 Gravity 12 0.25±0.02 
5.Filter-Lab M2BL0045142 Gravity 0.45 0.16±0.03 
6.Machery-Nagel Co. 9 cm MN640d  Gravity; vacuum 2 to 4 0.17±0.05 
7.Pall Life Sci. Corp. Acrodisc  Syringe 0.2 0.20±0.01 
8.Pall Life Sci. Corp. Acrodisc  Syringe 0.45 0.16±0.03 
9.Selex coffee filters Nº 4 Gravity 40 0.70±0.08 
10.Schleicher & Schuell 0860  Gravity; vacuum 7 to 12 0.26±0.01 
11.Whatman Nº 1 Gravity 11 0.34±0.03 
12.Whatman Nº 2 Gravity 8 0.30±0.01 
13.Whatman Nº 4 Gravity 20 to 25 0.33±0.02 
* Each filter was tested in triplicate (n=3) 
	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter 1 	  
	   86	  
 
Table 3. Mean and standard deviation (n=3) of total phenolic content (TPC) and antioxidant 
activity of ‘Verde Doncella’ and ‘Red Delicious’ fruit extracts using Folin-Ciocalteu and 
FRAP methods*. Data for peel and pomace is expressed in per gram dry weight (DW) apple 
whereas data for juice is expressed per gram fresh weigh (FW) apple 
 













TPC (mg GAE / g) 12,7±0,4 b 28±0,7 c 3,65±0,1 a 3,9±,2 a 0,89±0,04 A 0,86±0,05 A 
Antioxidant activity                        
(mg GAE / g) 52±1,1 b 143±7,4 c 21±05 a 24±1,2 a 6,6±0,3 A 6,6±0,4 A 
* Within columns, values followed by the same letter were not significantly different (p < 
0.05). 
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Table 4. Mean concentrations (µg/g fresh apple) and standard deviations (n=3) of individual and total 
polyphenols determined by HPLC. Data for peel and pomace is expressed in per gram dry weight (DW) 
apple whereas data for juice is expressed in per gram fresh weigh (FW) apple 
 
Compound Optimum l (nm) 
VD Peel RD Peel VD Pomace RD Pomace VD Juice RD Juice 
µg/g DW apple µg/g FA 
Catechin 280 118±7,1 c 160±6,0 d 56±5,6 a 80±4,3 b 19±1.4 A 25±1.1 A 
Epicatechin 280 135±6,5 c 273±45 d 38±1,9 a 83±12,7 b 14±3.6 A 22±1.2 B 
Total flavanols   253±9,4 c 433±67 d 94±7,2 a 163±8,3 b 33±4.9 A 47±1.9 B 
              
Chlorogenic acid 320 94±1,8 c 133±10 d 26±5,9 a 40±3,0 b 14±3.6 A 20±1.5 B 
Caffeic acid 320 19±7,1 ab 73±15 c 6±4,1 a 31±6,3 b 3.3±0.4 A 5.5±0.5 B 
p-coumaric acid 320 59±19,4 c 27±1 b nd 6±3,7 a nd 3.9±1.6 
Hydroxycinamic 
acids   171±27,6 c 233±46 c 31±8,1 a 77±10,7 b 17±4.9 A 29±2.8 B 
              
Quercetin 360 49±6,5 a 58±7 a nd nd nd nd 
Quercetin-3-
galactoside 360 12±0,6 b 93±5 c nd 3±1,3 a nd nd 
Quercetin-3-
glucoside 360 42±5,3 a 52±8 a nd nd nd nd 
Quercetin-3-
rhamnoside 360 12±1,8 a 29±3 b nd nd nd nd 
Quercetin-3-O-
rutinoside (rutin) 360 18±4,7 a 87±8 b nd 13±1,7 a nd nd 
Total flavonols   135±14,1 b 333±39 c  17±2,0 a nd nd 
              
Phloridzin 280 51±4,1 c 73±1 d 22±0,6 b 13±1,7 a 2.3±0.9 A 1.2±0.3 A 
Procyanidin B2 280 118±8,8 d 80±2 c 13±0,9 a 25±1,3 b 6.2±0.2 A 8.0±0.1 B 
Gallic acid 280 14±8,8 ab 21±7 b 9±3,1 a 10±1,3 a 60 B 3.1±0.9 A 
              
HPLC total 
phenols   894±133 c 1173±267 d 169±37,5 a 420±58 b 58 A 89 B 
nd = not detected 
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Figure 1. HLPC chromatograms.  
 
a) ‘Verde Doncella’ apple samples (peel) measured at different wavelengths (a=280, b=320, 
c=360, d=520).  
 
 
b) ‘Red Delicious’ apple samples (peel) measured at different wavelengths (a=280, b=320, 
c=360, d=520).  
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(1) Gallic Acid; (2) Procyanidin B1; (3) Unknown procyanidin dimer; (4) Catechin; (5) Procyanidin B2; (6) 
Chlorogenic Acid; (7) Unknown procyanidin dimer; (8) Caffeic Acid; (9) anthocyanin; (10) Epicatechin; (11) 
Cyanidin-3-rutinoside; (12) Unknown procyanidin dimer; (13) p-Coumaric Acid; (14); Unknown procyanidin 
dimer; (15) 3-hydroxyphloretin 2-xyloglucoside; (16) Quercetin 3-galactoside; (17) Rutin; (18) Quercetin 3-
glucoside; (19) Quercetin derivative; (20) Unknown phloretin derivatve; (21) Phloretin 2´xyloglucoside; (22) 
Quercetin 3-rhamnoside; (23) Unknown phloretin derivative; (24) Unknown phloretin derivative; (25) 
Phloridizin; (26) Unknown; (27) Hyperin; (28) Avicularoside; (29) Quercetin. 
 













(1) Gallic Acid; (2) Procyanidin B1; (3) Unknown procyanidin dimer; (4) Catechin; (5) Procyanidin B2; (6) 
Chlorogenic Acid; (7) Cyanidin-3-galactoside; (8) Caffeic Acid; (9) Unknown procyanidin dimer; (10) 
Epicatechin; (11) Cyanidin-3-rutinoside; (12) Procyanidin dimer; (13) p-Coumaric Acid; (14); Procyanidin 
dimer; (15) 3-hydroxyphloretin 2´-xyloglucoside; (16) Quercetin 3-galactoside; (17) Rutin; (18) Quercetin 3-
glucoside; (19) Quercetin 3-xyloside; (20) 3´-hydroxyphloretin 2´glucoside; (21) Quercetin 3-arabinoside; 
(22) Phloretin 2-xyloglucoside; (23) Quercetin 3-rhamnoside; (24) Phloridizin; (25) Unknown; (26) Quercetin 
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 Abstract 
Since polyphenol synthesis is a good indicator of plant physiology, the objective of 
the present study was to screen the polyphenolic profile and antioxidant activity of 
healthy and bitter pit affected tissues in Malus domestica ‘Reinette.’ Six phenolic 
compounds were targeted in order to obtain a broad spectrum of differences in the 
expression of major phenol molecules in sound and bitter pit tissues. The target 
analytes, representing three important chemical families in fruit (hydroxycinnamic 
acids, flavonoids and dihydrochalcones), were quantified by means of high 
performance liquid chromatography (HPLC) coupled to ultraviolet-visible (UV-Vis) 
and mass spectrometry (MS) detectors. Antioxidant activity was measured using 
PhotochemTM, a fast and accurate photochemiluminescence (PCL) based technique 
that compared the degree of oxidative damage between sound and bitter pit affected 
tissues. The six target compounds were found to be significantly lower in bitter pit 
tissues, the decrease in concentration being highly dependent on chemical family. The 
compound showing the greatest decrease in concentration was phloretin-hexoside (20 
times less) followed by the other hydrochalcone, phloretin xyloglucoside. 
Hydroxycinnamic acids levels were 5 times less in bitter pit, whereas epicatechin and 
quercetin rhamnoside levels decreased by half. PhotochemTM results were similar as a 
dramatic decrease of antioxidant activity (around 350 times less) in affected tissues 
was observed. Both analytical approaches highlighted a significant decrease of 
antioxidant phenolic compounds in necrotic tissues as a result of bitter pit 
development.  
 
	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter	  2 	  
	   93	  
Introduction 
Bitter pit is one of the most important physiological disorders in Malus domestica. Its 
appearance is often described as sunken, water soaked spots that ultimately turn 
brown in color and become desiccated. Bitter pit causes financial commercial losses 
for apple growers as affected fruit are often declined or sold at lower prices in the 
market.  
Bitter pit development is often described as the result of low Ca2+ concentrations in 
fruit tissue (Fuller, 1980). The majority of apple Ca2+ is located in the vacuole and 
cell wall regions responsible for cell regulation and metabolic changes. Depending on 
the Ca2+ content, plasma membrane structures may weaken causing cell death and 
bitter pit symptoms (Freitas, 2012). Calcium uptake is directly influenced by climate, 
water availability, nutrition, vigor, and crop production. Bitter Pit symptoms are 
known to develop in storage, appearing several weeks to months after harvest. The 
severity of bitter pit is often associated with nutrient concentration (N, K, Mg, Ca), 
seasonal rainfall and high temperatures, which are known to enhance the development 
of the disorder (Retamales et al., 2000b).  
Despite bitter pit having been studied for more than a century, the mechanisms 
involved in its development are still not well understood. To date, most of the 
research carried out on bitter pit has been focused on Ca2+ deficiency. However, little 
to no attention has been paid to the expression of other important metabolites 
indicative of cell status, such as phenolic compounds. Phenolic content is a great 
indicator of changes in fruit as they are involved in natural defensive reactions against 
various diseases and they act as stress protective agents (Geibel et al., 1994). Phenolic 
compounds in apple, particularly flavonoids, are claimed to play a major role in plant 
resistance (Treutter, 2006). Other molecules, such as phenolic acids, contribute to 
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healing through increased lignification of damaged areas. Furthermore, they possess 
anti-microbial properties, and their concentrations may increase after infection 
(Bostock, 1999, Treutter, 2006).  
To our knowledge, there is only a single study, recently published in the scientific 
literature (Zupan et al., 2013) having addressed the analysis of phenolic compounds in 
bitter pit apple tissues. These authors analyzed phenolic compounds in sound and 
bitter pit pulp tissues of three cultivars ‘Jonagored,’ ‘Golden Delicious’ and ‘Pinova.’ 
They found different patterns of behavior among phenolic compounds depending on 
the tissue studied. Chlorogenic acid and catechin concentrations were greater in 
affected bitter pit tissues whereas hydroxycinnamic acid and flavanol concentrations 
were greater in the peel above bitter pit. In contrast, flavonol and anthocyanin 
concentrations were greater in healthy peel. These results suggest that expression of 
different families of phenolic components may be tissue-dependent; therefore more 
research is needed in order to understand bitter pit physiological status with respect to 
phenolic compounds.  
Consequently, the objective of the present research was to investigate changes in 
individual phenolic compounds occurring in apple tissues affected by bitter pit, using 
Malus domestica ‘Reinette’ as a case study. Among the methods used for the 
determination of phenolic compounds in plant and fruit extracts, high performance 
liquid chromatography (HPLC) coupled to mass spectrometry (MS) with atmospheric 
pressure ionization techniques, i.e., electrospray ionization (ESI), has been proven to 
be a very powerful tool, allowing analysis with sufficient precision, selectivity and 
within a reasonable time. In the present study we chose to assess a total of six 
compounds previously reported as major components of apple (Zessner et al., 2008, 
Tomás-Barberán, 2000), belonging to three major chemical families. These 
	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter	  2 	  
	   95	  
families/compounds are a) hydroxycinnamic acids; chlorogenic acid and coumaryl 
quinic acid; b) flavonoids (epicatechin and quercetin rhamnoside (quercetin) and c) 
dihydrochalcones (phloretin-xyloglucoside and phloretin hexoside).  
In addition, antioxidant activity of sound and bitter pit affected tissues were compared 
by means of a photochemiluminescence (PCL) based assay (PhotochemTM). An 
advantage of this method is that it requires only a small quantity of sample and the 
antioxidant value can be quantified in the nano-molar range. Further benefits include 
speed (less than 3 min per sample), accuracy, cost-efficient and environment 
friendliness.  
Data from major phenolic compounds as well as antioxidant activity of tissues will 
probe changes in the expression of these important metabolites as a consequence of 
bitter pit development.  
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Materials and Methods 
Apple Sampling 
Malus domestica cv. ‘Reinette’ fruit were purchased in November 2011, from a 
commercial grower in Aragon, Spain. ‘Reinette’ cultivar was selected due to its 
production value and known susceptibility to bitter pit development. Fruit were stored 
in a temperature-controlled (1-4ºC), low light room for six months before being 
processed. Fruit were arranged in plastic trays (around 18 fruit per container), 
weighing between 10 and 20 kg.  
Apples were grouped according to visual symptoms (bitter pit/healthy). 
Approximately 35 % of each container (6-8 fruit) expressed bitter pit symptoms. 
Apples expressing bitter pit symptoms (i.e. sunken spots, patches, or discoloring) 
were sampled starting from the calyx end, removing localized subcutaneous tissue at 
random. Healthy tissue was sampled similarly. Five tissue samples were taken from 
each apple (0.5 g dry weight). A total of 150 samples of bitter pit subcutaneous tissue 
(sampled from 30 apples, 5 spots/apple) were combined to form one bitter pit pool 
sample. Fifty healthy tissue extractions (10 apples, 5 spots/apple) were collected to 
form one healthy pool sample. Pooled samples were created to ensure adequate 
material for HPLC and PCL analysis Tissues were placed into 5 mL plastic tubes on 




Sample tubes were placed inside a Cryodos 50 laboratory freeze-dryer (Telstar 
lifesciences, Terrassa, Spain) maintained at -0.062 mbar, -50.5 ºC and lyophilized for 
7 days to remove sample moisture (water content = 0%). Lyophilized samples were 
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ground to a fine powder (1-100 uM). Samples were stored in a freezer (-80ºC), until 
further analysis.  
 
Sample processing (Suspension) 
Photochem™ (Antioxidant Capacity) 
Briefly, ten mL ACW Reagent 1 (Solvent) solution was added to one-gram of 
powdered sample in their respective centrifuge tube. Tubes were vortexed on ice for 
30 seconds then centrifuged. Depending on the sample, further dilutions were carried 
out using Reagent 1 as a diluent. Sample solutions were filtered using a 0.45 µM Pall 
Life Sci, Corp. Acrodisc syringe filter and stored at -20 until use. 
 
HPLC Preparation (Phenolics extraction) 
Samples were prepared as described in (Krawitzky et al., 2014). In brief, 1 g of each 
lyophilized sampled was added into sterile 30 mL conical centrifuge tubes. 
Approximately 5 mL of an 80% aqueous methanol extraction solution containing 
sodium fluoride (in order to slow oxidation) were added to each centrifuge tube. 
Solution tubes were stored at -32ºC for 24 hours. After 24 hours, sample solutions 
were centrifuged at 2600 g for 40 minutes at 0ºC ± 1ºC. The collected supernatant 
was filtered through a Pall Life Sci, Corp. 0.45µm Acrodisc syringe filter and the 
filtrate was stored at -32 ºC prior to HPLC analysis.  
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Quantification of phenolic compounds by HPLC with ultraviolet–visible and ion 
trap mass spectrometry detection (HPLC-UV-Vis/MS) 
Analyses of all extracts of flesh and peel were carried out on an Agilent 1100 HPLC 
system equipped with vacuum degasser (G1322), autosampler (G1313A), binary 
pump (G1322A) and ultraviolet–visible diode array detector (UV–Vis DAD) (Agilent 
Technologies, Aldbronn, Germany). The HPLC system was coupled in series to the 
ion trap (IT) mass spectrometer, model Esquire 1100 equipped with an electrospray 
interface (ESI) (Agilent Technologies, Aldbronn, Germany). The separation of 
phenolic compounds was achieved on a reverse phase LiChroCART C-18 column 
(Merck, Darmstadt, Germany) (250 x 4 mm, 4.5 mm particle size), operating at room 
temperature with a flow rate of 0.8 ml min-1. A volume of 20 ml of sample was 
injected. The mobile phases used were water with formic acid (1%) (phase A) and 
acetonitrile (phase B) and the solvent gradient changed according to the following 
conditions: 0 min, 5% B, 0 to 10 min, 5–10% B; 10 to 45 min, 10–36% B; 45–52 min, 
36–95% B; 52 to 55 min, 95% B; 55 to 58 min, 95 to 5% B and maintained at 5% till 
65 min. The UV–Vis spectra were acquired in the range of 200 to 600 nm. 
chlorogenic acid and dihydrochalcones were monitored at 280 nm, phenolic acids at 
320 nm and quercetin rhamnoside at 360 nm.  
In the mass spectrometry detection, nitrogen was used as a drying and nebulizing gas. 
Given the flow (0.8 ml min-1), the electrospray ionization (ESI) parameters chosen 
were: nebulizer pressure was set at 65 psi, dry gas flow 11 l min-1, and dry gas 
temperature 350 ºC. Mass spectrometry data were acquired in the negative ionization 
mode. The capillary voltage was set at 4 kV. Mass scan (Ms) and MS/MS spectra 
were measured in the range of m/z 100–1500 at a scan speed of 13000 m/z/s, with a 
target mass of 700. Maximum accumulation time of the ion trap and the number of 
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MS repetitions to obtain the MS average spectra were set at 200 and 3ms, 
respectively. Compound stability was set at 50%. Conditions for automatic MS/MS 
were: width of the isolation, 4.0; fragmentation amplitude, 1.00 V; and number of 
parents, 3.  
The identification of the compounds was carried out by means of their elution order in 
the HPLC chromatograms, UV–Vis spectra, molecular weight, their MS/MS 
fragments, and, whenever possible, chromatographic comparison with authentic 
standards.  
Hydroxycinnamic acids were quantified at 305 nm with the chlorogenic acid 
calibration curve, flavonols at 360 nm with the quercetin calibration curve. 
Chromatograms at 280nm were used to quantify dihydrochalcones with the phloridzin 
calibration curve and epicathechin with (+)- catechin calibration curve.  
Determination of the antioxidative capacities of water (ACW) and lipid-soluble 
(ACL) compounds by the photochemiluminescence (PCL) assay.  
Measurement of ACW (Antioxidative Capacity of Water-soluble substances) and 
measurements of ACL (Antioxidative Capacity of Lipid-soluble substances) in 
plasma were performed using a commercial system and kits.  
The photochemiluminescence (PCL) assay, based on the methodology of Popov and 
Lewin (Popov et al., 1987, Popov & Lewin, 1999), was used to measure the 
antioxidant activity with a Photochem™ instrument (Analytik Jena AG, Jena, 
Germany) against superoxide anion radicals generated from luminol, a 
photosensitizer, when exposed to UV light. The antioxidant activity was measured 
using both ACW and ACL kits provided by the manufacturer designed to measure the 
antioxidant activity of hydrophilic and lipophillic compounds, respectively. The 
antioxidant capacity is measured by means of the lag phase at different 
	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter	  2 	  
	   100	  
concentrations, calculated with a calibration curve and expressed as nmol equivalents 
of antioxidant activity of a reference compound (i.e. Ascorbic Acid or Trolox). Lag 
time (s) for the ACW assay, obtained from PCLsoft® (control and analysis software) 
was used as the radical-scavenging activity and the antioxidant capacity was 
estimated by comparison with the ascorbic acid standard curve and expressed as µg/g 
ascorbic acid sample. The antioxidant index was obtained by dividing the antioxidant 
capacity by lag time and multiplied by 1000 (i.e., [antioxidant activity/lag time] × 
1000). Antioxidant capacity using the ACL kit was monitored for 180 seconds and 
expressed as µg/mL Trolox sample. ACW kit was monitored for 180 seconds and 
expressed as µg/mL Trolox sample. In the water soluble fraction antioxidants such as 
flavonoids, ascorbic acid, aminoacids, etc. are detected, while tocopherols, 
tocotrienols, carotenoids, etc. are measured in the lipid soluble fraction.  
Statistical analysis 
Significant differences in both phenolic content and antioxidant activity between 
healthy and bitter pit affected tissues were assessed by calculating the Student t-value. 
Samples were performed in triplicate.   
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Results and Discussion 
Phenolic compounds quantification by HPLC-DAD and HPLC-ESI/MS 
HPLC analysis of sound and bitter pit apple tissue extracts showed the occurrence of 
three main groups of phenolic compounds readily identified by their distinctive UV 
spectra. HPLC-MS/MS analyses allowed the characterization and quantification of 
these compounds by their molecular weights and m/z fragments obtained after ion 
isolation and MS/MS fractionation. Table 1 summarizes chromatographic data 
(retention times, UV-Vis wavelengths and selective m/z fragments employed for 
quantification purposes) with the abundances of the six studied compounds in three 
replicates for healthy and bitter pit samples. Changes in occurrence of the six 
compounds are observed between both tissues. With the exception of quercetin 
rhamnoside, all analyzed compounds presented significant lower concentrations in 
bitter pit tissues. Large differences were observed in the two dihydrochalcones 
(phloretin-hexoside and phloretin-xyloglucoside), with values around 20 and 8 times 
greater, respectively, in bitter pit samples.  
 
Antioxidant activity  
Among the different methods available for the determination of antioxidant capacity, 
the photochemiluminescence method (PCL) was chosen for its speed, sensitivity and 
reliability. Antioxidant activity of hydrophilic molecules cannot be properly measured 
in the same experimental conditions as for the lipophilic ones. Therefore, separated 
determinations (ACW and ACL) are needed as a consequence of the different 
chemical nature of single antioxidants contained in the sample under examination. 
Moreover, the studied apple tissues might have both lipid- and water-soluble 
antioxidant capacities at the same time. In the water-soluble fraction antioxidants such 
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as flavonoids, ascorbic acid, amino acids, etc. are detected, while in the lipid soluble 
fraction tocopherols, tocotrienols, carotenoids, etc. are measured.  
Figure 1 shows a typical response to photochemiluminescence in the presence of 
different concentrations of Trolox standard (ACL). As the concentration of trolox 
increases there is an increase in lag phase, and a change in the rate and extent of 
quenching of signals was observed. A standard curve was generated from this 
calibration and used for measuring Trolox equivalents of experimental samples 
(Figure 2). A similar plot and standard curve (data not shown) was obtained for the 
ascorbic acid equivalents (ACW). 
As can be seen in Table 2, both the water and lipid soluble antioxidants were greater 
in healthy tissues than in bitter pit. ACW and ACL were 24 and 30 times greater in 
healthy tissues, respectively. ACL values were around 4.5 times greater in both types 
of tissues, thus indicating that a majority of lipid soluble molecules contributed to the 
antioxidant activity measured by PCL. The concentration of phenolic compounds in 
sound and bitter pit tissues was highly correlated with antioxidant capacity evaluated 
by PCL ACW and PCL ACL, and the respective Pearson correlation coefficients had 
values of 0.91 and 0.89.  
 
Loss of phenolic and antioxidant compounds in bitter pit tissues 
Stress or injury to a plant cell can trigger two types of responses in phenolic 
metabolism (Rhodes & Wooltorton, 1978): 
a) Oxidation of the existing phenolic compounds as a result of rupture of the cell 
membrane, causing the phenolics to combine with the oxidative enzyme 
systems.  
	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Chapter	  2 	  
	   103	  
b) Synthesis of monomeric or polymeric phenolics to repair wounding damage. 
This second response is caused by changes in phenylalanine ammonia lyase 
activity, since it is the key metabolic enzyme in the phenylpropanoid pathway.  
Therefore, phenolic compounds may be consumed or activated in tissue depending on 
how these components are implied in cell repair mechanisms. Results of the present 
study suggest that in bitter pit, the first of these two scenarios is the most probable, as 
both the occurrence of phenolic compounds and antioxidant activity were more 
significant in affected tissue. Our findings agree reasonably well with those of Zupan 
et al. (2013). These authors characterized the phenolic profile of apple pulp and skin 
affected tissues in three cultivars: Jonagored, Pinova and Golden Delicious by HPLC-
DAD-MS, a technique comparable to ours. Their results showed several trends that 
led them to conclude that phenolic content were highly dependent on apple cultivar 
and tissue type (pulp or skin). Significantly greater concentrations of epicatechin, 
phloretin xyloglucoside and phloretin hexoxyde (phloridzin) in skin tissues affected 
by bitter pit were found in Jonagored and Golden Delicious cultivars, which is in 
agreement with our results. On the contrary, they reported significantly greater 
concentrations of chlorogenic acid in healthy tissues. 
Even if expression of phenolic compounds is cultivar dependent, our study shows a 
very clear trend in both quantitative HPLC and antioxidant activity data. Our results 
are in agreement with findings of studies of other physiological disorders such as 
“soggy breakdown” or “skin burning”. Soggy breakdown in an internal flesh disorder 
of Honeycrisp apple that occurs during low temperature storage. It is classified as a 
chilling injury in which visible symptoms typically appear several weeks after 
storage. Recently, Leisso et al (2015) reported changes in the antioxidant, lipid and 
phenolic metabolism of apples affected by soggy breakdown. The authors reported 
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that metabolites greatest in concentration in healthy tissues included water-soluble 
antioxidants such as epicatechin, catechin, chlorogenic acid and lipid soluble 
molecules such as a-tocopherol, b-carotene and violaxanthin. Similarly, Harb et al 
(2013) showed that skin burning in Cameo apples which appeared during storage 
under high CO2 levels, was related to the down-regulation of some polyphenol-
related genes.  
 
Reactive Oxygen Species (ROS) 
Scavenging ROS free radicals are continuously formed in plants as natural by-
products of aerobic metabolism and possess important functions in plant signaling 
transduction. Under normal conditions, the production and removal of ROS are 
balanced. However, most forms of biotic or abiotic stress disrupt the metabolic cell 
balance, resulting in enhanced production of ROS. Proteins, polyunsaturated fatty 
acids and nucleic acids are susceptible of being damaged by ROS. Plants possess an 
efficient antioxidant defense system (Pandhair & Sekhon, 2006) to scavenge ROS. It 
could be argued that as a natural defense mechanism against bitter pit, apples produce 
greater ROS than its capacity to detoxify them. Epicatechin, chlorogenic acid and 
other phenolic compounds react with ROS to protect the plant from destructive 
reactions, leading to a sharp decline in affected tissues (Pourcel et al.). 
Antioxidant capacity reduction due to lipid soluble phenolic compounds in bitter pit 
tissues (measured by the ACL photochemoluminiscence test) can be similarly 
explained. The biosynthesis of carotenoids, a major family of lipid soluble phenolic 
compounds, occurs in chloroplasts (Cunningham Francis, 2002); when carotenoids 
scavenge ROS to prevent cellular damage (Cazzonelli & Pogson, 2010). In 
chromoplasts, carotenoids are localized within lipid globules known as plastoglobules 
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(Bian et al., 2011). Carotenoids are also located in lipid membranes, where they are 
known to combat ROS (Chen & Djuric, 2001, Sharma et al., 2012). The small 
concentration of lipid soluble phenolics measured during PCL (ACL test) in the 
present study, suggests that the depletion of carotenoids in bitter pit may be due to 
ROS, generating non-radical products and terminating radical reactions by attacking 
free radicals. 
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Conclusions 
v Knowledge of the phenolic compounds present in apple tissues is an 
indispensable condition in order to understand polyphenol-mediated stress 
resistance in bitter pit disorder. 
v Quantification of major phenolic compounds in apple together with 
measurement of water and lipid soluble antioxidant activity appears to be a 
powerful tool to monitor changes of these metabolites in healthy and affected 
tissues.  
v The molecular mechanism of bitter pit in apples still needs further 
investigation. However, it is clear from our results that the down-regulated 
expression of major polyphenols was associated with the presence of bitter pit 
disorder. 
v Bitter pit status with regards to phenolics and antioxidant activity shows a 
similar pattern of behavior as other physiological disorders in apple such as 
“soggy breakdown” or “skin burning”. 
v Diminished levels of phenolic compounds and antioxidant activity suggest that 
oxidative activity accompanies bitter pit disorder development. 
v Further research on other apple cultivars is needed a) to confirm if major 
phenolics in apple can be considered as biomarkers of bitter pit development 
and b) to evaluate if analysis of PCL based antioxidant activity measurements 
can be a valuable tool for fast diagnosis of disorder status. 
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Table 1. Content of individual phenolic compounds (µg g-1 DW) in three replicates of healthy and bitter pit affected tissues. Different letters 






















1 Chlorogenic Acid 14.5 305 353 191 1274a 1354a 1406a 325b 273b 252b 
2 Coumaryl-Quinic Acid 17.4 305 337 173 271a 328a 320a 67b 71b 54b 
3 Epicatequina 22.3 280 290 245 25a 22a 20a 12b 14b 12b 
4 Phloretin-xyloglucoside 23.4 280 273 273 134a 208a 198a 28b 19b 25b 
5 Quercetin Rhamnoside 24.2 360 447 301 9a 8a 11a 7a 5a 6a 
6 Phloretin-hexoside 25.4 280 435 273 353a 368a 525a 7b 24b 29b 
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Table 2. Water-soluble (ACW) and lipid soluble (ACL) antioxidant capacity of healthy and bitter pit tissues.  
 
Sample  Replicate Average ACW (mg/g DW Ascorbic Acid) Lag time (s) 
Antioxidant Index  
(mg/g DW Ascorbic Acid) 
Average ACL  
(mg/g DW Trolox Equiv.) 
 
Healthy 1A 67 ± 17 a 2.3 28483 303 ± 28 a 
Healthy 1B 101 ± 10 a 2.3 44361 360 ± 19 a 
Healthy 1C 81 ± 10 a 2.3 35459 352 ± 14 a 
Bitter Pit 2A 1.7 ± 0.3 b 1.8 973 9.1 ± 0.22 b 
Bitter Pit 2B 1.7 ± 0.2 b 1.8 956 8.4 ± 0.4 b 
Bitter Pit 2C 2.0 ± 0.2 b 1.8 1135 8.7 ± 0.4 b 
Data expressed as mean ± standard deviation (n=3). Means in a column followed by different letter are significantly different (p<0.05). 
Antioxidant index = ACW/lag time x 1000. 
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Figure 1. Malus domestica photochemical luminescence responses at different concentrations of trolox. Blanks are represented in red (the 1	  
average in cyan), healthy Malus domestica samples are dark blue and bitter pit Malus domestica samples are black. As concentration 2	  
increased the signal decreased.  3	  
 4	  
 5	  6	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Figure 2. Standard curve for total antioxidant activity generated using different concentrations of trolox in photochemical luminescence 7	  
assay  8	  
9	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Abstract 47	  
The objective of this study was to identify an unknown 18-kDa protein suggested to 48	  
be as a potential bitter pit marker or inducer according to prior preliminary studies. 49	  
Apple proteins (cv. Reinette) from healthy and naturally occurring bitter pit tissues 50	  
were resolved by one dimensional (1D) denaturing sodium dodecyl sulphate 51	  
polyacrylamide gel electrophoresis (SDS-PAGE). Selected protein bands were in-gel 52	  
digested and identified using MALDI/TOF/TOF tandem mass spectrometry. 53	  
According to mass spectra data, the target 18 kDA protein was exclusively present in 54	  
bitter pit affected tissues, confirming previous investigations. By using this highly 55	  
sensitive mass spectrometry approach, the previously unknown 18 kDA protein could 56	  
be successfully identified as Mal d 1, a major apple allergen. An additional protein 57	  
identified as Mal d 2 (31 kDa major apple allergen), was found only in bitter pit 58	  
samples. Both allergens are reported for the first time in bitter pit affected apple 59	  
tissues. Since Mal d 1 and Mal d 2 are pathogenesis-related (PR) proteins, it is 60	  
hypothesized that they may be generated in the fruit as a natural defense response 61	  
against bitter pit development.  62	  
 63	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Introduction 64	  
Physiological changes in apple (Malus x domestica Borkh.) whether caused by 65	  
nutrient deficiencies, excess, or other abiotic origins are often identified by 66	  
symptomatic affected areas appearing necrotic, sunken, or discoloured. Most 67	  
commercially available apple cultivars are known to be susceptible to physiological 68	  
related disorders such as bitter pit, scald, lenticel spot, and cork spot (Simons, 1968). 69	  
These disorders cause significant loss for the fruit industry due to fruit alterations (e.g. 70	  
on organic acids stoichiometry, protein patterns, enzymatic activities and on cell death 71	  
(Perring, 1986, Steenkamp, 1983, Freitas, 2010, Val et al., 2006b, Witney & Kushad, 72	  
1990). 73	  
Bitter pit, a physiological disorder occurring in apple, pear, and quince has been long 74	  
associated with calcium uptake or lack thereof. Bitter pit was first identified in 75	  
Germany in 1864 (Jaeger, 1869). Its identification can be challenging as its often 76	  
confused with Jonathan spot, cork spot/Anjou pit in pears, stink bug (Pentatomidae) 77	  
damage, lenticel blotch pit, and phoma fruit spot (Brooks, 1914, Brooks, 1918, Jones, 78	  
1891). Symptoms are known to develop in storage, appearing several weeks to 79	  
months after harvest. Bitter pit symptoms have also been documented in orchards; 80	  
seen more often on young, vigorously growing, nitrogen fertilized trees with partial 81	  
fruit maturity. The severity of bitter pit is often associated with nutrient concentration 82	  
(N, K, Mg, Ca), seasonal rainfall, and temperatures, which are known to enhance the 83	  
development of the disorder (Retamales et al., 2000a). The most effective method to 84	  
delay bitter pit is by spraying trees with calcium chloride or calcium nitrate, applied 85	  
during the summer months when temperatures are not too hot, allowing for slow 86	  
drying (Ferguson & Watkins, 1989).  87	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Since a cell life stage is defined by its proteome, changes in protein expression can be 88	  
correlated to a change at the genomic level, or to the development of a specific 89	  
disease. Proteome profiling is a powerful tool for identifying protein biomarkers, 90	  
which are necessary to better understand the biochemical pathways involved in cell 91	  
disorders of biological systems (Aebersold & Mann, 2003). The amount of protein in 92	  
apples, like most fresh fruits and vegetables, is quite low, representing approximately 93	  
0.2% of their fresh weight (Wills et al., 2001). Nevertheless, fruit protein is a key 94	  
component of nuclear and cytoplasmic structures (determining and maintaining 95	  
cellular organization) as well as the enzymes involved in metabolism during growth, 96	  
development, maturation and postharvest life.  97	  
A common technique to separate proteins makes use of sodium-dodecyl sulfate 98	  
polyacrylamide gel electrophoresis (SDS-PAGE) running either in a one- or two- 99	  
dimensional format (1D, 2D). This method can separate polypeptides from biological 100	  
samples based on molecular size, providing information about differences in protein 101	  
patterns from different apple fruit tissues. In a previous group publication (Val et al., 102	  
2006b), the polypeptide patterns of sound apple tissue and tissue affected by calcium-103	  
related physiopathologies (including bitter bit) were compared by means of 1D SDS-104	  
PAGE. The authors stated that an 18-kDa protein was present only in bitter pit 105	  
samples (and not in sound tissues) after analysing two apple cultivars; Golden 106	  
Delicious Smoothee and White Reinette. However, no identification techniques were 107	  
employed in this work and therefore the chemical nature and biological function of 108	  
this potential bitter pit protein remains unknown.  109	  
In this context, the main objective of the present research is twofold: a) confirm if the 110	  
target 18 kDa protein is indeed a bitter pit marker overly expressed in affected tissues 111	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using the Reinette cultivar as a case study, and b) to elucidate the identity of this 112	  
protein by means of a mass spectrometry-based strategy that overcomes limitations of 113	  
previous works. Within this approach, after locating the target protein band in gel 114	  
electrophoresis, it will be excised, enzymatically digested and subjected to analysis by 115	  
matrix-assisted laser desorption/ionization (MALDI) time-of-flight (Breiteneder & 116	  
Ebner, 2000) tandem mass spectrometry (MS), which is very useful for the analysis of 117	  
peptide mixtures resulting from a protein digestion process (Figeys, 2005). Protein 118	  
identification was made by means of peptide mass fingerprinting (PMF) coupled with 119	  
a MASCOT-based search engine. The overall approach represents a highly sensitive 120	  
technique widely employed for protein analysis in a variety of biological systems.  121	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Materials and Methods 122	  
Plant material  123	  
Malus domestica cv. Reinette fruit were collected late 2010 from commercial plots 124	  
located in Zaragoza (Northeast Spain). At the time of harvest, fruit appeared “market 125	  
acceptable” without bitter pit symptoms. Apples were boxed and placed in a 126	  
temperature controlled cold room (2-4ºC) to slow respiration and ethylene production 127	  
until April 2011. After six months of storage, fruit were inspected and sorted 128	  
according to visual symptoms. On average, for every six healthy apples there was one 129	  
expressing bitter pit symptoms. 130	  
Sampling 131	  
Bitter pit apples expressing symptoms (i.e. sunken spots, patches, or discoloring) were 132	  
sampled starting from the calyx end, removing localized subcutaneous tissue at 133	  
random. Healthy tissue was sampled similarly. No more than 5 tissue samples were 134	  
taken from each apple (0.5 g dry weight). A total of 150 sampled bitter pit 135	  
subcutaneous tissue (sampled from 30 apples, 5 spots/apple) and 50 healthy tissue 136	  
extractions (10 apples, 5 spots/apple) were collected and allocated into tubes. Tissues 137	  
were collected in 5 mL plastic tubes on ice and stored at -20ºC.  138	  
Lyophilization  139	  
Sample tubes were placed inside a Cryodos 50 laboratory freeze-dryer (Telstar 140	  
lifesciences, Terrassa, Spain) maintained at -0.062 mbar, -50.5 ºC and lyophilized for 141	  
7 days to remove sample moisture (water content = 0%). Lyophilized samples were 142	  
ground to a fine powder (1-100 uM). Samples were stored in a freezer (-80ºC), until 143	  
further analysis. 144	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Protein Extraction  145	  
Proteins were extracted according to the methods described by Bestel-Corre et al 146	  
(2002). A total of 0.5 g finely ground apple lyophilizate were added to 2.5 mL phenol 147	  
extraction buffer [0.5 M Tris-HCL pH 7.5, 0.7 M sucrose, 50 mM EDTA, 0.1 M KCl, 148	  
10 mM thiourea, 2 mM PMSF, and 2% B-mercapethanol (1:5, v/v)]. Samples were 149	  
agitated for several minutes, and then 2.5 mL of saturated phenol pH 8 (Aqua phenol, 150	  
MP Biomedicals, Santa Ana, CA, USA) were added. The solution was vigorously 151	  
shaken for 30 minutes then centrifuged at 12000 xg. The upper phase was transferred 152	  
into a 30 mL tube and 10 mL of extraction buffer were added. After 30 minutes of 153	  
agitation, the phenol phase was transferred into a new 30 mL tube and 5 volumes of 154	  
ice-cold 0.1 M ammonium acetate methanol were added. Proteins precipitated 155	  
overnight at -20ºC. The following day tubes were centrifuged at 10,000 xg for 30 156	  
minutes, producing a protein pellet at the bottom. The supernatant was discarded. The 157	  
pellet was washed twice with ice-cold methanol followed by acetone and speedvaced 158	  
to dry 159	  
One-dimensional Gel Electrophoresis (1D) 160	  
Sodium dodecyl sulfate (SDS) reducing buffer: SDS reducing buffer (1.25 mL 0.5 M 161	  
Tris-HCl, pH 6.8, 3.55 mL deionized water, 2.5 mL glycerol, 2.0 mL 10% (w/v) SDS, 162	  
0.2 mL 0.5 (w/v) bromophenol blue) totaling 9.5 mL volume was distributed into a 163	  
total of (9) 950 µL SDS reducing buffer aliquots and stored at -20ºC until analysis. 164	  
Prior to use, 50 µL B-mercaptoethanol was added into each tube. Total amount of 165	  
protein was quantified using the RC DC protein assay (Bio-Rad). Apple sample 166	  
extract tubes were diluted 1:2 (v/v) with SDS reducing buffer prior to gel injection. 167	  
The samples and SDS reducing buffer were incubated for approximately one hour 168	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before injecting onto gels. One-dimensional sodium dodecyl sulphate polyacrylamide 169	  
gel electrophoresis (SDS-PAGE) mini-gel matrices were prepared in two phases: 16% 170	  
resolving and 4% stacking gels using 1.5mm gel plates. A total of 10 µg/µL) sample 171	  
and 4 µL low range protein standard [Range 14.4-97.4 kDa (Bio-Rad Laboratories, 172	  
Hercules, CA, USA)] were placed onto gel wells. Gels were run in mini-protean and 173	  
mini-protean tetra cells with 1X running buffer (Bio-Rad). Gels were run at 140 V for 174	  
140 minutes. The electric field was allowed to migrate until the front reached the base 175	  
of the gel plate. Gels were stained for approximately 90 minutes with Oriole 176	  
fluorescent gel stain (Bio-Rad) and scanned using trans-UV (302 nm) mode in a 177	  
Molecular Imager® Gel Doc™ XR System (Bio-Rad). Protein band molecular 178	  
weights were determined using Gel-Pro Analyzer software (version 4 Media 179	  
Cybernetics, L.P).  180	  
In-gel digestion 181	  
Excised gel segments were submitted to in-gel tryptic digestion. Gel spots were 182	  
immersed in 100 µL wash solution (50% acetonitrile/ 50% 50 mM NH4HCO3) for 183	  
approximately 10 minutes, before agitation, and centrifugation, repeated twice.  184	  
Reduction and alkylation, was performed to unfold the tertiary structure of proteins by 185	  
breaking disulfide bonds (Cysteine). A hundred µL 10 mM dithiothreitol (DTT) were 186	  
added to each gel sample. Gels were incubated, centrifuged and then the filtrate 187	  
solution was discarded. 100 µL 55 mM Iodoacetamide were added to gels that were 188	  
then incubated for 1 hour in obscurity. After 1 hour, gels were centrifuged and the 189	  
filtrate solution discarded. Gels were washed twice with 100 µL 25 mM ammonium 190	  
carbonate then centrifuged. Gel spots were washed and dehydrated (three times) with 191	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100 µL acetonitre. After each wash the solution was discarded. The plate was dried 192	  
overnight at 57º C.  193	  
Two mL 25 mM NH4HCO3 were added to 20µg (100 ng) sequencing grade modified 194	  
trypsin porcine (Promega, Promega corporation, Madison, WI, USA). Gel plates were 195	  
incubated for 6 hours at 37ºC. After incubation, plates were centrifuged and the 196	  
trypsin solution was collected. Tryptic peptides were extracted by adding 20 µL 25 197	  
mM ammonium bicarbonate to each sample, then centrifuging to collect the solution. 198	  
Twenty µL 50% (v/v) ACN, 0.5% (v/v) trifluoroacetic acid (TFA) was added. 199	  
Samples were incubated for 20 minutes then centrifuged to collect the supernatant, 200	  
repeated twice. Ten µL Acetonitrile was added and the supernatant collected. Peptide 201	  
extracts were dried in a speed vacuum concentrator for approximately 2 hours. The 202	  
dried filtrate was suspended in 25 µl of 2% (v/v) ACN, 0.05% (v/v) TFA, 0.08% (v/v) 203	  
formic acid before HPLC injection.  204	  
Mass spectrometry analyses (MALDI-TOF/TOF) 205	  
Sample (0.5 µl) and matrix (0.7 µl saturated solution of alpha-Cyano-4-206	  
hydroxycinnamic acid (CHCA) in 50% ACN/0.1% TFA) were spotted in duplicate 207	  
onto an Opti-Tof 384-well insert plate (Applied Biosystems). Matrix-assisted laser 208	  
desorption/ionization (MALDI) time-of-flight (Breiteneder & Ebner) mass 209	  
spectrometry (MS) was performed using a 4800plus MALDI-TOF/TOF (ABSciex) in 210	  
the reflector mode with accelerating voltage of 20 kV, mass range of 800 to 4000 Da, 211	  
1000 shots/spectrum and laser intensity of 3000. MS/MS spectra were performed 212	  
automatically on twenty of the most intense precursors, with 1000 shots/spectrum and 213	  
laser intensity of 4000. Spectra were calibrated externally using a standard protein 214	  
mixture (4700 Calmix, Applied Biosystems).  215	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Proteins were identified with Mascot using the Uniprot database (515203 sequence 216	  
entries). Search parameters used were: missed cleavage, fixed modifications 217	  
carbamidomethyl (cysteines) and peptide and fragment mass tolerance 0.2 Da and 0.3 218	  
Da, respectively. Ions, which scored -10*Log (P), where P is the probability that the 219	  
observed match, is a random event. Individual ions that scored, greater (>) than 70, 220	  
indicated positive identity or extensive homology (p < 0.05) 221	  
(http://www.matrixscience.com/help/interpretation_help.html). Protein scores were 222	  
derived from ions scores, as a non-probabilistic basis for ranking protein hits. 223	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Results  224	  
Protein separation (SDS-PAGE) 225	  
Under denaturing conditions, polyacrylamide gel electrophoresis (PAGE) can 226	  
separate polypeptides from biological samples based on molecular weight. Figure 1 227	  
shows the 1D electropherogram corresponding to bitter pit (lanes 2 & 4) and healthy 228	  
(lanes 3 & 5) tissues sampled from Reinette apple cultivar. Protein profiles ranged 229	  
from 16.9 kDa to 84.0 kDa. A known low range, non-linear standard (14.4 to 97.4 230	  
kDa) was used to calculate unknown sample protein molecular weight.  231	  
Bitter pit samples expressed greater protein band intensity and total number of 232	  
proteins observed when compared to healthy samples. Visual imaging software 233	  
determined bitter pit samples as having around 40 % more protein bands when 234	  
compared to sound samples. Several protein bands in the molecular mid-range (within 235	  
30 kDa and 40 kDa) appeared oversaturated in both bitter pit lanes (Figure 1). When 236	  
protein band intensities exhibited saturation they could not be used for identification 237	  
purposes as the obstruction hinders data leading to an error in data acquisition. As a 238	  
result, even if visualized proteins in this range were highly probable to occur only in 239	  
bitter pit – and therefore important in our overall research – their identification is out 240	  
of scope of the present study as more accurate separation methods (e.g. 2-dimensions 241	  
electrophoresis) should be applied for proper resolution of protein bands.  242	  
Samples 2, 5, 8 and 11 in the scanned gel image (Figure 1) correspond to the target 243	  
18 kDa protein band whose identity we were looking for. As can be seen, no protein 244	  
band could be visually detected in healthy samples, whereas high optical density was 245	  
perceived in bitter pit lanes. In order to identify this protein, protein bands from bitter 246	  
pit material were excised from the 1D gel, digested by trypsin and submitted to mass 247	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spectrometry analysis. Visualization of proteins after separation on polyacrylamide 248	  
gels was predominantly carried out using a highly sensitive fluorescent stain. No 249	  
bands were visually observed in healthy samples, however, 18 kDa segments in 250	  
healthy samples were also excised and submitted to MS in order to; a) either help to 251	  
confirm the absence of the 18 kDa protein in such areas, or b) point out the presence 252	  
of the target protein even at very low concentrations not visible as a band on the 253	  
scanned gel. Eight additional segments were also analysed by MS; 254	  
Segments 3, 6, 9 and 12: correspond to protein bands near 15 kDa, present in both 255	  
bitter pit samples and absent in healthy. These segments were analysed was due to the 256	  
uncertainly of protein migration due to initial gel polymerization tests (unpublished 257	  
data). In common proteomic research a 12% polyacrylamide gel (12% resolving gel 258	  
and 4 % stacking gel is used) to obtain optimal protein resolution. Several gel 259	  
combinations (10-20% resolving and 3-6% stacking gels) were tested to determine 260	  
optimal protein resolution at 18 kDa. Due to gel pore size and an increase in 261	  
electrophoresis voltage and time it was unknown if 18 kDa proteins migrated beyond 262	  
the 18 kDa are of gels. Therefore a small segment was tested between 14 and 17 kDa 263	  
in order to confirm or refute this theory. 264	  
Segments 1, 4, 7 and 10: these correspond to an area with high optical density in bitter 265	  
pit samples, while no protein bands were detected in healthy gel samples. Gel 266	  
segments were sampled from a larger molecular weight area than the target 18 kDa 267	  
protein. During gel electrophoresis proteins would have migrated through this area 268	  
and ended up near their respective molecular weight regions. However, during 269	  
electrophoresis it was unknown if proteins had migrated properly and there was little 270	  
information that could be interpreted from the running gels. During electrophoresis 271	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the gel front was allowed to migrate to the bottom of the gel and a small amount of 272	  
insoluble protein was noticeable near the stacking gel once migration was complete. 273	  
Segments 1, 4, 7 and 10 were analysed to see if any known lower molecular weight 274	  
proteins (mentioned in previous apple articles were present [i.e. heat shock protein 275	  
Hsp1 (17-18), known allergens Mal d 1 (17-18 kDa) or Mal d 3 (9-10 kDa] 276	  
suggesting a potential problem during protein migration. Gel electrophoresis with the 277	  
chosen gel polyacrylamides was thought to be successful.  278	  
Protein identification (MALDI-TOF/TOF) 279	  
Peptide mass fingerprinting (PMF) was performed on samples and data was analyzed 280	  
with MASCOT software coupled with a Malus domestica database (Table 1). 281	  
MASCOT provided detailed reports for successfully identify protein bands.  282	  
Gel segments 1-12 corresponds to the bands sampled and analyzed using mass 283	  
spectrometry (Figure 1 gel). Sampled material refers to bitter pit or healthy samples. 284	  
Protein entry name is the name of the identified protein (according to the database). 285	  
Theoretical MW (molecular weight) represents the estimated MW calculated by gel 286	  
analyzer pro software. Experimental MW is the identified MW according to the 287	  
Malus domestica protein database (Uniprot.org). Matched protein hits (score) are 288	  
derived from ions scores, as a non-probabilistic basis for ranking protein hits. 289	  
Numbers greater than 70 are considered significant (p<0.05). Number of matches 290	  
(No. of matches) are the number of peptide-database sequence matches. Expect 291	  
represents the number of matches with equal or better scores that are expected to 292	  
occur by chance alone. It is directly equivalent to the E-value in a BLAST search 293	  
result. Sequence coverage represents the percentage of matched peptide/amino acid 294	  
chains to known database entries whereas pI is the calculated isoelectric point.  295	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As shown in Table 1, MALDI/TOF/TOF confirmed that protein bands at 18 kDa and 296	  
31 kDa in bitter pit samples contained, respectively, Mal d 1 and Mal d 2. Both of 297	  
them well known major apple allergens belonging to the pathogenesis-related (PR) 298	  
family. No peptide sequences obtained from healthy tissue protein were found, which 299	  
confirmed that these proteins were not expressed in sound tissues.  300	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Discussion 301	  
The present study aimed both to confirm the presence and to identify an unknown 18 302	  
kDa protein suggested to be overly expressed in apple bitter pit tissues by overcoming 303	  
methodological limitations of former works (Val et al., 2006b).  304	  
In this research, gel electrophoresis was not employed as a purely analytical method 305	  
for estimating the molecular weight of a protein but as a preparative tool to recover 306	  
small quantities of the target protein from the gel that were further submitted to mass 307	  
spectrometry analysis. The fractionation of the protein mixture helps to decrease 308	  
sample complexity and thus to more accurate identification of the unknown protein. 309	  
By means of MALDI-TOF/TOF, unambiguous identification of the protein was 310	  
achieved by accurately measuring the masses of the peptides derived from enzymatic 311	  
digestion of the target protein band.  312	  
The target unknown protein of 18 kDa was successfully identified as Mal d 1, a well-313	  
documented major allergen in apple (Malus domestica). Mal d 1 is the major apple 314	  
allergen in Northem and Central Europe and shows high homogologies (around 65 % 315	  
identical) in amino acid sequence with major birch pollen allergen Bet v 1 and other 316	  
PR-10 proteins. Because of this amino acids sequence similarity, most patients with 317	  
birch pollen allergy are also allergic to apples due to cross-allergenicity (Vieths et al. 318	  
1994). Consumption of apples containing Mal d 1 by allergic individuals induces the 319	  
oral allergy syndrome (OAS), whose more common symptoms include itching and 320	  
swelling of the lips, the tongue, and the throat after ingestion. 321	  
According to the abundant scientific literature, plant defense may be responsible for 322	  
Mal d 1 presence in bitter pit material. As plants endure stress caused by climate and 323	  
lack of adequate nutrients, they often protect themselves by changing their 324	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physiological conditions (stomata closure, wilt, fruit drop, etc.). The proteins 325	  
expressed in plants in response to this protective reaction are called pathogenesis-326	  
related (PR) proteins. Mal d 1 belongs to the PR-10 family, and although its 327	  
biological function is not clear yet, it has been suggested that PR-10 proteins may 328	  
code for ribonucleases (Bantignies et al., 2000). Recently, the PR-10 Bet v 1 allergen 329	  
was found to be involved in the binding and transport of plant steroids (Marković-330	  
Housley et al., 2003). The expression of Mal d 1 as a defense response to several 331	  
biotic (pathogens, environmental stress) and abiotic (plant injury) stimuli is well 332	  
documented (Atkinson et al., 1996, Matthes, 2009, Breiteneder & Ebner, 2000).  333	  
The reason to why bitter pit developed in some and not all of the sampled apples (1 334	  
out of 6/per storage box) remains unclear and represents a extremely challenging 335	  
question. To our knowledge, fruit trees from which apples were collected from in our 336	  
study had not experience any water deficiencies or pathogenic attack. Previous studies 337	  
monitoring bitter pit in apple trees reported fruit drop, aborted fruit development and 338	  
abnormal shoot growth (Rosenberger, 2004, Watkins, 2009). None of these symptoms 339	  
were noticed in our sampled trees. In our study, apples were given a foliar calcium 340	  
mixture while still hanging on the trees, a common commercial practice to assist in 341	  
fruit quality and reduce bitter pit occurrence. Apples appeared healthy at harvest and 342	  
later developed bitter pit symptoms during storage.  343	  
Mal d 1 allergens in apples have also been studied in response to ripening and 344	  
exposure to ethylene and several authors have reported that Mal d 1 content increases 345	  
significantly during storage (Sancho et al., 2006, Kiewning et al., 2013). As apple 346	  
fruits mature and ripen they are exposed to greater amounts of ethylene gas, which 347	  
can influence greater concentrations of Mal d 1 (Hsieh et al., 1995). Data presented by 348	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Matthes (2009) quantified Mal d 1 concentrations in several apple cultivars during 349	  
harvest, concluding that in most cases Mal d 1 levels were too low to quantify. As 350	  
time progressed, Mal d 1 concentration gradually increased while in storage. Standard 351	  
apple storage conditions call for apples to be stored between 0-4ºC, as higher holding 352	  
temperatures increase fruit softening and respiration rate which can quickly 353	  
deteriorate acceptable fruit quality (Boyette et al., 1990). In our study, no Mal d 1 was 354	  
found in healthy apple samples after being stored during six months. This suggests 355	  
that Mal d 1 may be generated as a plant defense mechanism in response to bitter pit 356	  
development and not as a direct consequence of apple ripening or exposure to 357	  
ethylene during storage. Mal d 1 allergen is naturally present in apples, and its 358	  
abundance is highly cultivar-dependent (Zuidmeer et al., 2006). Some apple cultivars 359	  
have been classified in groups of high, moderate and low allergenic potentials. For 360	  
example, Golden Delicious, Granny Smith, and Cox’s Orange belong to the high 361	  
allergenic group, whereas Jonagold or Gloster show low allergenity (Gao et al., 362	  
2005). In our study, we analyzed Reinette cultivar, for which no data concerning 363	  
allergenity potential is available. Our results suggest that Reinette could be a low 364	  
allergenity cultivar since no Mal d 1 was found in healthy samples analyzed after six 365	  
months of storage. Noteworthy, this hypothesis should be taken with caution and 366	  
more studies including Reinette apples from several geographical origins growth 367	  
under different environmental conditions should be studied.  368	  
The protein band (31 kDa) submitted to MALDI/TOF analysis was identified as Mal 369	  
d 2, which is another important allergen in apple In a previous study (Krebitz, 2000), 370	  
a cDNA clone of the 31 kDa Mal d 2 was isolated from Golden Delicious apple. The 371	  
open reading frame (ORF) encoded a polypeptide of 246 amino acids with a predicted 372	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molecular mass of 23.2 kDa (calculated pI of 4.55). In our study, the estimated 373	  
(predicted) molecular mass for sample 1 was 25.5/26.7 kDa and actual molecular 374	  
mass 26.6 kDa (calculated pI 4.98), values that correspond well to previous Mal d 2 375	  
identified publications. No Mal d 2-related proteins were identified in healthy samples 376	  
tested. Mal d 2 belongs to the PR-5 pathogenesis related family, which has sequence 377	  
homology with thaumatin-like proteins (TLPs). Mal d 2 has been characterized as an 378	  
antifungal protein by (Krebitz, 2000). Mal d 1 and Mal d 2 proteins are the most 379	  
significant apple allergens inducing immunoglobin E (IgE) – mediate hypersensitivity 380	  
reaction. In a research about plant-based heterologous expression of Mal d 2, these 381	  
same authors (Krebitz et al., 2003), highlighted that recombinant Mal d 2 exhibited 382	  
antifungal activity against Fusarioum oxysporum and Penicillium expansum, implying 383	  
a function in plant defense against fungal pathogens. Even if, compared to Mal d 1, 384	  
less studies are focused on Mal d 2 expression levels in apple, some authors have 385	  
reported the increase of Mal d 2 levels with fruit storage (Botton et al., 2008, Botton 386	  
et al., 2009, Szamos et al., 2011). In our study, a similar pattern of Mal d 1 and Mal d 387	  
2 expression is observed, and in both cases seem to be bitter-pit dependent, as no 388	  
allergens in the healthy samples were observed. 389	  390	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Conclusions 391	  
The reason why bitter pit develops in some of the harvested apples, and not in others 392	  
from the same tree it’s a great challenge for researchers and it remains unknown still 393	  
after years of bitter pit research. In the present study, two major allergens in apple 394	  
belonging to the pathogenesis-related family (Mal d 1 and Mal d 2) were identified 395	  
for the first time in apple tissues affected by bitter pit disorder. Since these proteins 396	  
are involved in plant defense and antifungal actions in many biological systems, it is 397	  
hypothesized that Mal d 1 and Mal d 2 could be expressed in affected apples during 398	  
development of bitter pit symptoms. As an indicator of physiological status, 399	  
characterization of changes in these allergens during the post-harvest period (when 400	  
bitter pit usually manifest) could help to better understand the biological mechanisms 401	  
involved in bitter pit development. 402	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Figure 1: One-dimensional SDS-PAGE results of bitter pit and healthy Malus domestica  533	  
'Reineta' protein extracts.. All numerical values represent molecular weight and are presented 534	  
in kilodaltons (kDa). Bitter pit represents sampled Malus domestica fruit expressing bitter pit 535	  
symptoms. Healthy represents sampled Malus domestica fruit without any symptoms 536	  
(control). The target 18 kDa protein band is identified with a dotted line box. Segments 1 to 537	  
12 (identified with a red box) were excised from the electrophoresis gel, digested and 538	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Table 1. Bitter pit and healthy Malus domestica ‘Reineta’ MS/MS ion MASCOT search results (largest scores) obtained from MALDI-TOF/TOF analysis. 
Protein entry name is the name of the identified protein (according to the database). Theoretical molecular weight (Griffith & Yaish) represents the estimated 
MW calculated by Gel Analyzer Pro software. Experimental MW is the identified MW according to the Malus domestica protein database (Uniprot.org). 
Matched protein hits (score) are derived from ions scores, as a non-probabilistic basis for ranking protein hits. Numbers greater than 70 are considered 
significant (p<0.05). # of matches are the number of peptide-database sequence matches. Expect represents the number of matches with equal or better scores 
that are expected to occur by chance alone. It is directly equivalent to the E-value in a Blast search result. Sequence coverage represents the percentage of 
matched peptide/amino acid chains to known database entries. pI is the calculated isoelectric point.  
Gel 
segment # 













1 Q9FSG7; O82546 
 
Bitter Pit TP1A_MALDO 25.5/28.4 25.7 118 9 8.2e-007 28% 4.98 
2 Q40280; O22517 
 
Bitter Pit MAL12_MALDO    17-21 17.5 377 10 1e-032 
 
36% 5.62 
3 P17642 Bitter Pit PRS2_SOLTU 16-17 17.4 59 9 0.71 - - 
4 No ID Healthy 
 
No ID Not Found Not Found - - - - - 
5 Q0BUX9 
 
Healthy MINE_GRABC 17-21 9.3 50 6 4.7 - - 
6 No ID Healthy No ID Not Found Not Found - - - - - 
7 No ID Bitter Pit No ID 25.5-28.4 Not Found - - - - - 
8 No ID Bitter Pit No ID 18-23 Not Found - - - - - 
9 Q40280; O22517 
 
Bitter Pit MAL12_MALDO 15-18 17.5 473 14 2.6e-042 50% 5.62 
 10 No ID Healthy No ID Not Found Not Found - - - - - 
11 No ID Healthy No ID 16-21 Not Found - - - - - 
12 No ID Healthy No ID Not Found Not Found - - - - - 
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Abstract 37	  
Bitter pit is a physiological disorder that occurs in apple, pear and quince and has long 38	  
been associated with calcium uptake or lack thereof. In the present study, pooled 39	  
biological Malus domestica proteins were collected from healthy and naturally 40	  
occurring bitter pit fruit. Protein samples (bitter pit and healthy) were analyzed with 41	  
differential in-gel electrophoresis (DIGE) and SameSpots software was used to 42	  
compare gel spots by intensity. Identified spots (p<0.05) were spot picked and trypsin 43	  
digested. Peptides were separated by liquid chromatography (LC) and submitted to 44	  
LTQ-Orbitrap mass spectrometer to infer protein identification. A total of 245±5 45	  
protein spots were detected, 63 spots classified as having p<0.05 and were further 46	  
analyzed. Forty-one spots were successfully identified by their peptide sequence listed 47	  
in an online Malus domestica database. Eighteen spots were identified as having 48	  
p<0.05 and a minimum 2-fold change. Several pathogenesis-related (PR) proteins 49	  
belonging to three PR families, PR-10 (6.8-fold), PR-5 (10.3-fold) and PR-8/ 50	  
chitinase (35.5-fold) were upregulated in bitter pit sampled tissues. Three proteins 51	  
involved in several metabolic processes including ethylene biosynthesis (3.3-fold), 52	  
glycosyltransferase reactions in metabolism (2.3-fold) and metal biding (11.1-fold) 53	  
were found to be overly expressed in healthy sampled tissues. This research provides 54	  
a significant advance in the knowledge of protein expression alterations occurring in 55	  
bitter pit in comparison with sound tissues.  56	  
 57	  58	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Introduction 59	  
Bitter pit, a physiological disorder occurring in apple, pear, and quince, has been long 60	  
associated with calcium uptake or lack thereof. Symptoms are known to develop in 61	  
storage, appearing several weeks to months after harvest. Symptoms have also been 62	  
seen on young, vigorously growing, nitrogen fertilized trees, with partial fruit 63	  
maturity (Ferguson & Watkins, 1989). The severity of bitter pit is often associated 64	  
with nutrient concentration (N, K, Mg, Ca), seasonal rainfall, and temperatures, which 65	  
are known to enhance the development of the disorder (Retamales et al., 2000b). 66	  
Bitter pit development has been described as the result of low Ca2+ concentrations in 67	  
fruit tissue (Fuller, 1980). Calcium uptake is directly influenced by climate, water 68	  
availability, nutrition, vigor, and crop production. Uneven calcium distribution in fruit 69	  
tissue has been thought to be one of several factors that cause bitter pit (Wilkinson, 70	  
1964). Previous calcium studies have suggested the majority of apple Ca2+ is located 71	  
in the vacuole and cell wall of fruit (Freitas, 2012, Harker & Venis, 1991), reporting 72	  
large concentrations of Ca2+ in vacuolar and cell wall regions responsible for cell 73	  
regulation. Freitas (2012) suggested Metabolic changes in Ca2+ content could weaken 74	  
plasma membrane structures, eventually causing cell death and bitter pit symptoms. It 75	  
has also been reported that the skin, seeds, and core tissue of bitter pit affected fruits 76	  
have higher calcium concentrations than the flesh (Wilkinson, 1961, Wilkinson, 77	  
1964).  78	  
Spray treatments (utilizing calcium chloride or calcium nitrate) have been studied as a 79	  
key approach in reducing bitter pit occurrence (Ferguson & Watkins, 1989). 80	  
However, no treatment has been completely successful to control bitter pit, and 81	  
reducing fruit loss has become a priority for fruit growers. 82	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Despite many years of research, the mechanisms involved in bitter pit development 83	  
are still not well understood. A deep knowledge of the factors that trigger this disorder 84	  
is needed to devise more effective control strategies during breeding programs. 85	  
At the genomic level, predictive quantitative trait locus (QTLs) DNA tests have been 86	  
developed to predict and breed out bitter pit alleles. The BP16, BP13, and LG16ma 87	  
alleles are thought to be partially responsible for bitter pit, and were discovered while 88	  
selective breeding for shelf life, color, acidity, and flavor (Lezzoni et al., 2010). 89	  
RosBREED has developed BP16-indel and BP13-SSR tests to validate QTL alleles. 90	  
However, in the quest to understand biological processes, the study of proteins cannot 91	  
be avoided. Proteomics provides us with a variety of exciting new strategies to 92	  
address biological questions. 93	  
With the influx in genomic data and improvements in analytical technology, 94	  
proteomics has become increasingly important to study the many different aspects of 95	  
plant functions. While proteins serve as important components of major signaling and 96	  
biochemical pathways, studies at protein levels are essential to reveal molecular 97	  
mechanisms underlying plant growth, development, and interactions with the 98	  
environment (Chen & Harmon, 2006).  99	  
Besides the importance of the proteomic approach in the advance of understanding of 100	  
diseases in plants, to the best of our knowledge, no scientific publication dealing with 101	  
this issue in bitter pit material can be found in the literature. Our research group 102	  
addressed this subject for the first time in a recent study (Krawitzky et al., 2015b). By 103	  
means of one dimensional (1D) denaturing sodium dodecyl sulphate polyacrylamide 104	  
gel electrophoresis (SDS-PAGE) followed by MALDI/TOF/TOF analysis of selected 105	  
proteins, we succeeded in identifying two pathogenesis-related (PR) proteins as 106	  
markers of bitter pit tissues, Mal d 1 and Mal d 2. However, due to the complexity of 107	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the samples, the methodology employed presented some limitations like migration 108	  
problems and saturation of several protein band within the single dimension, which 109	  
compromised further accurate identification in some protein bands potentially 110	  
upregulated in bitter pit tissues. 111	  
A major challenge in proteomics research and biomarker discovery is the analysis of 112	  
complex samples. The global strategy to address proteomic research must integrate a 113	  
series of comprehensive and accurate separative and analytical technologies to deal 114	  
with the immense complexity involved. Historically, two-dimension polyacrylamide 115	  
gel electrophoresis (2D-PAGE) has been the protein separation technique most 116	  
commonly associated with proteomics. It relies on a first separation of proteins by 117	  
isoelectric focusing (IEF) and then by molecular mass in the second dimension on 118	  
application of an electrical potential across a solid-based gel. However, difference gel 119	  
electrophoresis (DIGE) is a technology that has emerged in the last decade as a very 120	  
valuable technique, as it allows for accurate quantification with statistical confidence 121	  
while controlling for non-biological variation, increasing the dynamic range and 122	  
sensitivity of traditional 2D PAGE (Lilley & Friedman, 2004). Difference gel 123	  
electrophoresis 2D-DIGE is based on direct labeling of lysine groups on proteins with 124	  
cyanine CyDye DIGE Fluor minimal dyes before isoelectric focusing, enabling the 125	  
labeling of three samples with different dyes and electrophoresis of all the samples on 126	  
the same 2D gel. This capability minimizes spot pattern variability and the number of 127	  
gels in an experiment while providing simple, accurate and reproducible spot 128	  
matching (Tannu & Hemby, 2006). 129	  
The main objective of the present study was to identify proteins markers (significantly 130	  
up or down-regulated) in sound and bitter pit affected tissues from apple (Malus 131	  
domestica), and to compare their relative abundance by means of the global strategy 132	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explained above; 2D-DIGE followed by in-gel digestion and LC/MS analysis of 133	  
peptides to infer protein identity. As a case study, the Golden Delicious Smoothee 134	  
cultivar was selected due to its production value and known sensitivity to bitter pit 135	  
development. 136	  
Given the lack of proteomic studies focused in bitter pit, it is expected that this 137	  
research contributes to characterize for the first time alterations in the expression of 138	  
proteins linked to bitter pit development and helps to better understand the inner 139	  
mechanisms involved in this disorder.  140	  141	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Materials and Methods 142	  
Acquired Fruit 143	  
Malus domestica cv. Golden Delicious Smoothee fruit were purchased in November 144	  
2011, from a commercial grower in Aragon, Spain. Fruit were stored in a 145	  
temperature-controlled (1-4ºC), low light room for six months before being processed. 146	  
Fruit were arranged in plastic trays (18 fruit per container), weighing between 10 and 147	  
20 kg. At time of purchase, less than 1% of purchased apples exhibited bitter pit 148	  
symptoms. 149	  
Sampling 150	  
Apples were grouped according to visual symptoms (bitter pit/healthy). After six 151	  
months of storage, approximately 35 % of each container (6-8 fruit) expressed bitter 152	  
pit symptoms. 153	  
Bitter pit apples expressing symptoms (i.e. sunken spots, patches, or discoloring) were 154	  
sampled starting from the calyx end, removing localized subcutaneous tissue at 155	  
random. Healthy tissue was sampled similarly. No more than 5 tissue samples were 156	  
taken from each apple (0.5 g dry weight). A total of 150 sampled bitter pit 157	  
subcutaneous tissue (sampled from 30 apples, 5 spots/apple) and 50 healthy tissue 158	  
extractions (10 apples, 5 spots/apple) were collected and allocated into tubes. Tissues 159	  
were collected in 5 mL plastic tubes on ice and stored at -20ºC. Two bitter pit pool 160	  
samples and eight healthy pool samples were analyzed 161	  
Lyophilization  162	  
Sample tubes were placed inside a Cryodos 50 laboratory freeze-dryer (Telstar 163	  
lifesciences, Terrassa, Spain) maintained at -0.062 mbar, -50.5 ºC and lyophilized for 164	  
7 days to remove sample moisture (water content = 0%). Lyophilized samples were 165	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ground to a fine powder (1-100 uM). Samples were stored in a freezer (-80ºC), until 166	  
further analysis. 167	  
Protein Extraction  168	  
Proteins were extracted according to the methods described by Bestel-Corre et al 169	  
(2002). Approximately 0.5 g apple lyophilizate were added to 2.5 mL phenol 170	  
extraction buffer [0.5 M Tris-HCL pH 7.5, 0.7 M sucrose, 50 mM EDTA, 0.1 M KCl, 171	  
10 mM thiourea, 2 mM PMSF, and 2% B-mercapethanol (1:5, v/v)]. Samples were 172	  
agitated for several minutes, and then 2.5 mL of saturated phenol pH 8 (Aqua phenol, 173	  
MP Biomedicals, Santa Ana, CA, USA) were added. The solution was vigorously 174	  
shaken for 30 minutes then centrifuged at 12000 x g. The upper phase was transferred 175	  
into a new 30 mL tube and 10 mL of extraction buffer were added. After 30 minutes 176	  
of agitation, the phenol phase was transferred into a new 30 mL tube and 5 volumes 177	  
of ice-cold methanol containing 0.1 M ammonium acetate were added. Proteins 178	  
precipitated overnight at -20ºC. 179	  
The following day tubes were centrifuged at 10,000 x g for 30 minutes, producing a 180	  
protein pellet at the bottom. The supernatant was discarded. The pellet was washed 181	  
twice with ice-cold methanol followed by acetone and speedvaced to dry. 182	  
2D-DIGE electrophoretic analyses 183	  
The precipitated pellets were re-dissolved in 0.5 mL DIGE-compatible sample (lysis) 184	  
solution [30 mM Tris (pH 8.5), 7 M Urea, 2 M Thiourea, 4% CHAPS, pH 9.5]. 185	  
Proteins were quantified using RC DC protein assay kit (Bio-Rad Life Science, 186	  
Hercules, CA) using BSA as a standard. 50 µg were labeled with 200 pmol (1 l) of Cy 187	  
protein, incubated on ice for 30 min in the dark, and quenched with 1 µl of 10 mM 188	  
lysine; each sample was then incubated on ice for 10 min in the dark (GE 189	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Lifesciences). Two healthy and two bitter pit samples (50 µg of protein each) were 190	  
labeled separately with either Cy3 or Cy5, and the internal standard (50 µg of protein 191	  
comprising 25 µg from each of the 2 samples) was labeled with Cy2. One internal 192	  
standard, healthy, and bitter pit sample forming a set of Cy2-, Cy3-, and Cy5-labeled 193	  
samples were combined (1:1:1). IPG strips (pH 3–7, 24 cm, GE Healthcare) were 194	  
rehydrated using 450 µl of Destreak solution (GE) with IPG buffer (0.05% v/v) 195	  
overnight. The IPG strips were cup-loaded with 50 µg of each Cy2-, Cy3- and Cy5- 196	  
labeled sample in a buffer containing 7 M urea, 2 M thiourea, 2% (w/v) CHAPS, 65 197	  
mM DTT, and 1% (v/v) IPG buffer. Isoelectric focusing was carried out in a Protean 198	  
IEF cell (Bio-Rad Life Science, Hercules, CA) at 62 kV h in different phases as 199	  
follows: 10 min at 50 V, 1-h ramp up to 500 V, 1 h at 500 V, 2-h ramp up to 1000 V, 200	  
10-h ramp up to 10,000 V, and 2 h at 10,000 V. Prior to second dimension SDS-201	  
PAGE, the strips were equilibrated for 15 min in DTT buffer (375 mM Tris–HCl pH 202	  
8.8, 6 M urea, 20% v/v glycerol, 2% w/w SDS and 130 mM DTT), followed by 203	  
another 15 min incubation in iodoacetamide (375 mM Tris–HCl pH 8.8, 6 M urea, 204	  
20% v/v glycerol, 2% w/w SDS and 135 mM iodoacetamide). For the second 205	  
dimension, strips were applied directly to 16% SDS-polyacrylamide gels, and 4 gels 206	  
were run simultaneously on a Protean Plus Dodeca Cell (Bio-Rad Life Science, 207	  
Hercules, CA) at 1W/gel until the bromophenol blue tracking front reaches the end of 208	  
the gel. Immediately after 2D-DIGE, gels were individually scanned in a Typhoon 209	  
Trioscanner (GE Healthcare) and the Photo Multiplier Tube voltage was adjusted for 210	  
maximum image quality with minimal signal saturation. Images were checked for 211	  
saturation during the acquisition process using ImageQuant TM TL Software (GE 212	  
Healthcare). Cy2, Cy3, and Cy5 images for each gel were scanned at 488/510-, 213	  
532/530-, and 633/500-nm excitation/emission wavelengths, respectively at 100-µm 214	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resolution, obtaining a total of 12 images (4×3). Determination of protein spot 215	  
intensity and correlation was performed using Progenesis SameSpots v 4.0 software 216	  
(Nonlinear Dynamics, U.K.). Statistically significant changes in protein spots were 217	  
determined using ANOVA (p<0.05; SameSpots Stats) and a cutoff of two-fold change 218	  
was established for further analyses. Gels were stained using a fresh solution of 219	  
Colloidal Coomassie. In brief, gels were shaken for 1 h in an aqueous solution 220	  
containing 16% ammonium sulfate, 3% (v/v) phosphoric acid and 32% (v/v) 221	  
methanol. Gels were transferred to a 6.6% Coomassie Blue G-250 methanolic 222	  
solution for 3 hours. De-staining was achieved by rinsing gels in water. 223	  
In-gel Tryptic Digestion 224	  
Spot coordinates were picked with an ExQuest Spot cutter (Bio-Rad Life Science, 225	  
Hercules, CA). Excised gel spots were in-gel tryptic digested followed with shotgun 226	  
analyses by nanoLC-MS/MS (LTQ-Orbitrap, Thermo Fisher, Waltham, MA, USA).  227	  
Gel spots were immersed in 100 µL wash solution (50% acetonitrile/ 50% 50 mM 228	  
NH4HCO3) for approximately 10 minutes, before agitation, and centrifugation, 229	  
repeated twice. 230	  
Reduction and alkylation, was performed to unfold the tertiary structure of proteins by 231	  
breaking disulfide bonds (Cysteine). Approximately 100 µL 10 mM dithiothreitol 232	  
(DTT) were added to each gel sample. Gels were incubated for 1 hour, incubated, 233	  
centrifuged and then the filtrate solution was discarded. Approximately 100 µL 55 234	  
mM Iodoacetamide were added and gels were incubated for 1 hour in obscurity. After 235	  
1 hour, gels were centrifuged and the filtrate solution discarded. Gels were washed 236	  
twice with 100 µL 25 mM ammonium carbonate then centrifuged. Additionally, gels 237	  
were washed and dehydrated (three times) with 100 µL acetonitrile, discarding the 238	  
wash solution after each wash step. Gels were dried overnight at 57º C. Two mL 25 239	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mM NH4HCO3 was added to 20µg (100 ng) sequencing grade modified trypsin 240	  
porcine (Promega corporation, Madison, WI, USA). Gel plates were incubated for 6 241	  
hours at 37ºC. After incubation, plates were centrifuged and the trypsin solution was 242	  
collected. Tryptic peptides were extracted by adding 20 µL 25 mM Ammonium 243	  
Bicarbonate to each sample, then centrifuging to collect the solution. Twenty µL 50% 244	  
(v/v) ACN, 0.5% (v/v) trifluoroacetic acid (TFA) was added. Samples were incubated 245	  
for 20 minutes then centrifuged to collect the supernatant, repeated twice. 246	  
Approximately 10 µL acetonitrile was added and the supernatant collected. Peptide 247	  
extracts were dried in a speed vacuum concentrator for approximately 2 hours. The 248	  
dried filtrate was suspended in 25 µl of 2% (v/v) ACN, 0.05% (v/v) TFA, 0.08% (v/v) 249	  
formic acid before HPLC injection.  250	  
Mass spectrometry analyses 251	  
Liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) analyses 252	  
were performed with an UltiMate 3000 LC system Thermo Scientific Dionex (Voisins 253	  
le Bretonneux, France) connected by a nanoelectrospray interface to a linear ion trap 254	  
mass spectrometer coupled to an Orbitrap detector (LTQ-Orbitrap, Thermo Fisher, 255	  
Waltham, MA, USA). Tryptic peptide mixtures (4 µl) were loaded at flow rate 20 µl 256	  
min−1 onto precolumn Pepmap C18 (0.3 by 5 mm, 100 Å, 5 µm; Dionex). After 4 257	  
min, the precolumn was connected with the separating nanocolumn Pepmap C18 258	  
(0.075 by 15 cm, 100Å, 3 µm), and the linear gradient was started from 2 to 36% of 259	  
buffer B (0.1% formic acid, 80% acetonitrile (ACN)) in buffer A (0.1% formic acid, 260	  
2% ACN) at 300 nl min−1 over 50 min. Ionization was performed on liquid junction 261	  
with a spray voltage of 1.3 kV applied to an uncoated capillary probe (PicoTip 262	  
EMITER 10-µm tip inner diameter; New Objective, Inc, Woburn, MA). Peptides ions 263	  
were automatically analyzed by the data-dependent method as follows: full MS scan 264	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(m/z 300 to 1,600) on Orbitrap analyzer and MS/MS on the four most abundant 265	  
precursors on the LTQ linear ion trap. In the present study only +2 and +3 charged 266	  
peptides were subjected to MS/MS experiments with an exclusion window of 1.5 min, 267	  
with classical peptide fragmentation parameters as follows: Qz = 0.22, activation time 268	  
= 50 ms, and collision energy = 35%. 269	  
The raw mass data were converted to mzXML format with the ReAdW software 270	  
(http://tools.proteomecenter.org/software.php). Protein identification was performed 271	  
querying MS/MS data against a Malus domestica database (uniprot.org), together 272	  
with an in-house contaminant database, using the X!Tandem software (X!Tandem 273	  
Cyclone (2011.12.01), http://www.thegpm.org) with the following parameters : one 274	  
trypsin missed cleavage allowed, alkylation of cysteine and conditional oxidation of 275	  
methionine, precursor and fragment ion set at 2 ppm and 0.005 Da, respectively. A 276	  
refined search was added with similar parameters except that semi-tryptic peptides 277	  
and possible N-ter acetylation of proteins were searched. All peptides matched with 278	  
an E-value lower than 0.01 were parsed with X!Tandem pipeline software. Proteins 279	  
identified with at least two unique peptides and a log (E-value) lower than 4 (10-4) 280	  
were validated. In the case of identification with only two or three MS/MS spectra, 281	  
similarity between the experimental and the theoretical MS/MS spectra were visually 282	  
checked. 283	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Results and Discussion  284	  
Separation of proteins differentially expressed in bitter pit and healthy tissues were 285	  
carried out in a 2D-DIGE system. In the first dimension proteins were separated 286	  
according to isoelectric point and in the second dimension, proteins were separated by 287	  
molecular mass (see Figure 1).  288	  
Typhoon scanned gel layers (Cy2, Cy3, and Cy5) were aligned and 245±5 protein 289	  
spots were visually detected in both gel replicates using SameSpots software. 290	  
According to statistical analysis (p-value<0.05) run by SameSpots Stats software, a 291	  
total of 63 spots were identified as being differentially expressed between sound and 292	  
bitter pit affected tissues. 293	  
Target gel spots were picked, in-gel digested, injected into a LC system and isolated 294	  
fractions were recorded by LTQ-Orbitrap. Forty-one spots were identified by their 295	  
peptide sequence listed in the Malus domestica database, using X!Tandem and De 296	  
novo pipeline software. Thirteen unique (non-duplicated) proteins were identified 297	  
from 18 differentially expressed spots having p<0.05 and a minimum 2-fold protein 298	  
change (Table 1).  299	  
For the sake of simplicity, the results and discussion will be structured with respect to 300	  
proteins mainly expressed in bitter pit or healthy tissues, respectively. The identified 301	  
spots will be named with their peak ID between parentheses.  302	  
Proteins overly expressed in bitter pit 303	  
Ten bitter pit proteins (14 spots) expressed greater ratiometric normalization values 304	  
when compared to healthy proteins. Chitinase (spot 3053), UTP-glucose-1-phosphate 305	  
uridylyltransferase (spot 3047), and several proteins (spots 3042, 2275, 2268, 3033, 306	  
3063, 1808, 3072 and 3091) belonging to pathogenesis-related (PR) subgroups were 307	  
identified. PR proteins are expressed in biological systems as a defense response to 308	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abiotic stress, fruit ripening and bacterial/fungal attacks (Atkinson et al., 1996, 309	  
Pühringer et al., 2000). PR proteins have been shown to exhibit distinct biochemical 310	  
characteristics, which are necessary when the plant is under pathogenic infection or 311	  
any unwanted stress. Up to 17 PR proteins families are recognized based on their 312	  
amino acid sequence similarities, enzymatic activities, or other biological properties 313	  
and they are numbered in the order in which they were discovered. (Sinha et al., 314	  
2014) 315	  
In the present work, PR proteins from three different families: PR-10 (spots 3042, 316	  
2275 and 2268); PR-8 (Type III Chitinase) (spots 1808, 3033, and 3063) and PR-5 317	  
(spots 3063, 3072 and 3091) subgroups were identified as significantly overly 318	  
expressed in bitter pit tissues.  319	  
PR-10 family: PR-10 proteins are often studied due to type I allergic reactions caused 320	  
by food allergies in fruit, vegetables and nuts, a result of white birch (Betula 321	  
verrucosa) pollen more commonly known as Bet v 1-homologous proteins. The most 322	  
notable Bet v 1 homologue is Mal d 1, a major apple allergen that shares 56% of its 323	  
protein sequence identity with Bet v 1 (Hoffmann-Sommergruber, 2000, Bohle, 2007, 324	  
Ebner et al., 2001). In this present study, Mal d 1 (3042) and two Mal d 1 isomers 325	  
(2268 and 2275) could be identified (see Table 1). In a recent study by our research 326	  
group Mal d 1 was reported for the first time as a bitter pit marker in apples from 327	  
Reinette cultivar (Krawitzky et al., 2015b). However, no quantification of this protein 328	  
in the studied samples was performed. Results from the present study indicate that 329	  
Mal d 1 was expressed an average of 6.8 times more in bitter pit samples than in 330	  
healthy ones, confirming previous investigations and giving a first estimation of this 331	  
allergen abundance in apples affected by bitter pit disorder.  332	  
PR-5 family: Three PR-5 spots (3063, 3072, and 3091) were identified as thaumatin-333	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like proteins (TLPs). Normalized volumes of TLPs spots revealed bitter pit as being 334	  
10.3 times greater expressed when compared to healthy samples. Previous studies 335	  
have recognized TLPs a new class of pan allergens (Breiteneder, 2004), a plant 336	  
defense against pathogens (Venisse et al., 2002), and are known to be stress induced 337	  
(van Loon et al., 2006b).  338	  
Spot 3063 was identified as Mal d 2, a major apple allergen (Hsieh et al., 1995). As 339	  
for Mal d 1, in a recent study we reported Mal d 2 as a protein marker of bitter pit 340	  
material, which is in agreement with data presented in this study. The abundance of 341	  
both allergens in apple fruit affected with bitter pit raises an interesting issue and it is 342	  
at which moment of bitter pit development allergens are expressed in the fruit. Bitter 343	  
pit apples are not considered “market acceptable” and therefore they do not usually 344	  
arrive to the consumer in the supply chain. However, it can be hypothesized that Mal 345	  
d 1 and Mal d 2 are expressed even before visual symptoms appear in the skin (when 346	  
the fruit is still marketable). Under this assumption, apples would exhibit a higher 347	  
allergenicity potential than their sound equivalents at the moment of consumption. 348	  
Since allergenicity in apples is highly dependent on cultivar (Bolhaar et al.), apple 349	  
varieties classified as highly allergenic (like the worldwide consumed Golden 350	  
Delicious studied in this work) would be especially susceptible in an increase in their 351	  
Mal d 1 and Mal d 2 levels; a result that should be taken into account when apple 352	  
breeding. 353	  
PR-8 family: PR-8 (1808, 3033) and chitinase (3053) spots were found to be as high 354	  
as 35.5-fold more abundant in bitter pit samples when compared to healthy samples. 355	  
PR-8 proteins are known to be type III chitinases and they are involved in plant 356	  
defense mechanisms (Park et al., 2004). The role of chitinases as part of an inducible 357	  
plant defense response is well documented (Boller, 1987, Collinge et al., 1993). 358	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Chitinase activity is found at low levels in plants but is induced in response to various 359	  
stimuli, e.g., the phytohormone ethylene, salicylic acid (Jung et al., 1993, Margis-360	  
Pinheiro et al., 1994), virus infections (Ohme-Takagi et al., 1998, Payne et al., 1990), 361	  
and various pathogenic microorganisms (Kästner et al., 1998, Mohr et al., 1998, 362	  
Münch-Garthoff et al., 1997) resulting in the activation of defense signaling 363	  
pathways.  364	  
Some of the above mentioned proteins (TLP, Mal d 1) have been reported to be 365	  
enhanced and up-regulated during ripening in response to ethylene production (Botton 366	  
et al., 2008). Enhanced ethylene production is an active response to pathogens and is 367	  
associated with the induction of defense reactions (van Loon et al., 2006a). Pesis 368	  
(2009) addressed the study of bitter pit development in cold-stored transgenic apples 369	  
suppressed for ethylene biosynthesis. The authors monitored apple fruit ethylene 370	  
during and after cold storage concluding that ethylene concentrations remained 371	  
relatively low during cold storage and apples developed bitter pit. Also in this study it 372	  
was suggested that apple decay could be related to bitter pit incidence as samples 373	  
expressing greater bitter pit incidence also had greater visible decay. In the present 374	  
study, apples were stored for a period of 6 months in cold storage and although fruit 375	  
respiration/ transpiration levels decreased, fruit may have decayed at a much greater 376	  
rate due to the storage environment. In several previous studies, which stored fruit in 377	  
low ethylene, low oxygen environments (Stow et al., 2000, Zanella, 2003, Both et al., 378	  
2014), the reduction in oxygen and ethylene was effective in reducing incidence of 379	  
fruit softening and apple scald. The cause of bitter pit whether calcium or cell death 380	  
(Fukuda, 1986) is still unknown and additional studies are needed to investigate 381	  
whether apples stored in low oxygen, low ethylene conditions will reduce fruit decay 382	  
which may result in lower occurrences of bitter pit. Additionally, mycology studies 383	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would be beneficial to monitor fruit decay and cellular disruptions over time during 384	  
storage to identify any known apple fungi such as Penicillium spp. and Botrytis 385	  
cinerea (Kim & Xiao, 2008) that are often present during decay. 386	  
Proteins overly expressed in healthy tissues 387	  
Three healthy proteins (4 spots) had greater average normalized volumes (1358, 1453 388	  
and 1859 and) when compared to bitter pit proteins.  389	  
Spot 1358: this was identified as 1-aminocyclopropane-1-carboxylate oxidase 1 390	  
(ACO), an enzyme that has shown to catalyze the conversion of 1-391	  
aminocyclopropane-1-carboxilic acid (ACC) to ethylene (Chervin et al., 2004, Sun et 392	  
al., 2010). The content of ACO protein normalized volume was 3.3 fold greater in 393	  
healthy tissues than bitter pit tissue. In a previous study (Dandekar et al., 2004) 394	  
transgenic ´Greensleeves´ apples with reduced ACO activity (antisense) displayed 395	  
reduced autocatalytic ethylene production, slower ripening and less fruit softening 396	  
when compared to the control. In our presented study, the healthy tissue samples 397	  
expressed greater ACO activity suggesting an increased ethylene production, faster 398	  
ripening and more instances of fruit softening. Additionally, it is believed that once 399	  
healthy fruit begin to decay, due to ripening and endogenous ethylene caused by ACO 400	  
activity, they are more vulnerable for bitter pit development.  401	  
Spot 1453: this was unable to be identified using the Malus domestica database (no 402	  
data entry found) and was ultimately sequence matched with another genera from the 403	  
general Roseaceae database (also found at uniprot.org). Spot 1453 was identified as 404	  
UTP-glucose-1-phosphate uridylyltransferase also referred to as UDP-glucose 405	  
pyrophosphorylase or UGPase. In the current study UTP-glucose-1-phosphate 406	  
uridylytransferase was 2.3-fold greater in healthy tissue when compared to bitter pit 407	  
tissue. Its function is to catalyze the formation of UDP-glucose, who has a central role 408	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in the production of glycolipids and glycoproteins, from glucose-1-phosphate and 409	  
UTP (Thoden & Holden, 2007).  410	  
Apple cell wall tissues are known to contain soluble and insoluble glycoproteins 411	  
(Knee, 1973, Knee, 1975). It has been reported that UTP-glucose-1-phosphate 412	  
uridylytransferase is induced by ripening and ethylene treatment (Zheng, 2013). UTP-413	  
glucose-1-phosphate uridylyltransferase produces glycolipids, which in human 414	  
studies, the decay-accelerating factor (Schmelz et al.), a 70-kDa glycoprotein that 415	  
binds to C3b and C4b, prevented the assembly and accelerated decay of C3 and C5 416	  
convertases of both the classical and alternative pathways (Brooimans et al., 1992). 417	  
While UTP-glucose-1-phosphate uridylytransferase is involved in several apple 418	  
functions, it is hypothesized that UDP-glucose concentrations were greater in healthy 419	  
samples due to healthy cell wall glycolipids that had not yet deteriorated due to fruit 420	  
decay, as mentioned above. It is thought that as apple tissues begin to decay, cell wall 421	  
glycoproteins are compromised which would explain why UTP-glucose-1-phosphate 422	  
uridylyltransferase was upregulated in healthy tissues. 423	  
Spot 1859 peptide fragments were identified as being involved in metal binding. 424	  
Apple residue has been reported to play an important role in metal binding in the 425	  
presence of carboxyl and phenolic functional groups (Lee et al., 1999). Other 426	  
hypotheses suggest plants will often “hyper-accumulate” metals to help protect 427	  
against herbivores and pathogens (Boyd et al., 2007). Healthy protein expressed 11.1-428	  
fold greater protein abundance when compared to bitter pit. It is postulated that in the 429	  
presented study healthy apples accumulated metal binding proteins in order to protect 430	  
themselves from stresses associated with post-harvest. It is also suggested that as fruit 431	  
mature in storage, metal binding proteins begin to decrease, increasing the chance to 432	  
develop a disorder. 433	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Conclusions 434	  
• This work was the first to use 2D-DIGE and LC/MS methods to study and 435	  
compare the proteomic profile of sound apple tissues and tissues affected by 436	  
bitter pit disorder. 437	  
• In the present study ten proteins expressing greater abundance when compared 438	  
to healthy proteins, were successfully identified by means of bottom-up 439	  
proteomics. 440	  
• Bitter pit disorder induces a deep change in the physiological condition of 441	  
affected tissues, expressing a variety of pathogenesis-related (PR) proteins 442	  
from several families (PR-10, PR-5 and PR-8), including Mal d 1 and Mal d 2, 443	  
two major allergens. These proteins are probably generated as a response to 444	  
several stress factors during bitter pit development, and may be expressed 445	  
even before external symptoms are visible in the skin tissues, thus increasing 446	  
the apples’ allergenicity potential. 447	  
• On the other hand, some proteins were much more abundant in healthy tissues 448	  
than in the affected ones. These proteins carry out different biological 449	  
functions such as ethylene production catalysis, synthesis of glycoproteins and 450	  
glycolipids, as well as metal biding.  451	  
• Studying alterations in the expression levels of protein indicators of both bitter 452	  
pit and sound tissues at the time of harvest and its evolution during the post-453	  
harvest storage may help to better understand the inner mechanisms of bitter 454	  
pit development. 455	  
• A better understanding of the factors that trigger this disorder will allow the 456	  
development of more effective control strategies during breeding.457	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Figure	  24.	  Composite	  2D-­‐DIGE	   image	   of	   separated	  Malus	  domestica	   'Golden	  Delicious	   Smoothee'	   healthy	  and	  bitter	  pit	   protein	   spots.	   Circled	  
spots	  with	  numbers	  represent	  differentially	  expressed	  proteins	  with	  p<0.05	  and	  a	  minimum	  2-­‐fold	  difference.	  pH	  3-­‐7	  NL	  IPG	  strips	  were	  used	  for	  
the	  second	  dimension.	  kDa	  =	  Kilodaltons	  (molecular	  weight).	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Pick ID Anova (p) Fold pI Acc. # Name Function Scan Rt Sequence m/z MH+Obs MH+theo DeltaMH+ Delta-ppm Identification
bitter pit healthy
1859 4.00E-03 11.1 0.186 2.061 4.13 Unknown Predicted: Metal-binding Manganese Ion Binding/ Nutrient reservoir activity 423 Unknown FVTYLQK 2 Unknown Unknown Unknown Unknown DENOVO
Unknown Predicted: Metal-binding Manganese Ion Binding/ Nutrient reservoir activity 523 Unknown AFQLDDK 2 Unknown Unknown Unknown Unknown DENOVO
3042 5.25E-05 10.3 2.253 0.219 5.21 sp|Q40280 Major allergen Mal d 1 Plant Defense/ Disease/ Pathogenesis-related Protein 312 4.92 SISHYHTK 2 972.4866 972.4902 -0.0036 -3.701837 X!Tandem
sp|Q40280 Major allergen Mal d 1 Plant Defense/ Disease/ Pathogenesis-related Protein 560 6.42 HAEILEGDGGPGTIK 3 1493.759 1493.76 -6.00E-04 -0.401671 X!Tandem
sp|Q40280 Major allergen Mal d 1 Plant Defense/ Disease/ Pathogenesis-related Protein 527 6.4 HAEILEGDGGPGTIK 2 1493.759 1493.76 -0.0007 -0.468616 X!Tandem
sp|Q40280 Major allergen Mal d 1 Plant Defense/ Disease/ Pathogenesis-related Protein 367 Unknown LDSELK 2 Unknown Unknown Unknown Unknown DENOVO
sp|Q40280 Major allergen Mal d 1 Plant Defense/ Disease/ Pathogenesis-related Protein 374 Unknown AHGLF 2 Unknown Unknown Unknown Unknown DENOVO
sp|Q40280 Major allergen Mal d 1 Plant Defense/ Disease/ Pathogenesis-related Protein 529 Unknown XLEDGGPASLK 3 Unknown Unknown Unknown Unknown DENOVO
2275 0.005 4.3 2.635 0.614 4.41 tr|Q4VPI3 Major allergen Mal d 1.03E Plant Defense/ Pathogenesis-related Protein 314 5.16 GDVEIKEEHVK 3 1282.665 1282.664 3.00E-04 0.233888 X!Tandem
tr|A0AUE3 Major Alllergen Mal d 1.06A Plant Defense/ Pathogenesis-related Protein 342 5.32 ASHLFK 2 702.3935 702.3938 -3.00E-04 -0.427111 X!Tandem
tr|A0AUE3 Major Alllergen Mal d 1.06A Plant Defense/ Pathogenesis-related Protein 894 8.67 TVEILEGDGGVGTIK 2 1487.796 1487.796 2.00E-04 0.134427 X!Tandem
tr|Q4VPI3 Major allergen Mal d 1.03E Plant Defense/ Pathogenesis-related Protein 1177 10.47 LIENYLLENQDAYN 2 1608.783 1608.791 -8.00E-03 -4.972679 X!Tandem
tr|Q4VPI3 Major allergen Mal d 1.03E Plant Defense/ Pathogenesis-related Protein 1220 10.75 LIENYLLENQDAYN 2 1711.82 1711.818 3.00E-04 0.175252 X!Tandem
2268 0.012 5.8 2.59 0.446 4.64 tr|Q4VPI3 Major allergen Mal d 1.03E Plant Defense/ Pathogenesis-related Protein 336 Unknown ASHLFK 2 Unknown Unknown Unknown Unknown DENOVO
tr|Q4VPI3 Major allergen Mal d 1.03E Plant Defense/ Pathogenesis-related Protein 1200 10.7 LIENYLLENQDAYN 2 1711.82 1711.818 0.0023 1.343601 X!Tandem
1453 0.014 2.3 0.576 1.345 5.12 Unknown Predicted: UTP--glucose-1-phosphate uridylyltransferase Cytoplasm/ Nucleotidyltransferase/ Transferase 525 Unknown FLPVK 2 1506.729 1506.729 1.00E-04 0.066369 X!Tandem
Unknown Predicted: UTP--glucose-1-phosphate uridylyltransferase Cytoplasm/ Nucleotidyltransferase/ Transferase 664 7.18 SDVASLSQISENEK 2 Unknown Unknown Unknown Unknown DENOVO
3053 0.002 27.9 2.881 0.103 3.54 Unknown Predicted: Chitinase Chitin-Binding/ Glycosidase/ Hydrolase 1193 10.71 VNYYTDYCSQFGVDPGTNLSC 2 2460.019 2460.012 0.0066 2.682913 X!Tandem
3033 0.004 31.9 3.915 0.123 3.72 tr|Q00MX4 Pathogenesis-related protein 8 Glycosidase/ Hydrolase 619 7.01 FYDNGYSASIK 2 1264.584 1264.585 -0.001 -0.790773 X!Tandem
3063 0.013 4.1 2.212 0.541 3.89 sp|Q9FSG7 Thaumatin-like protein 1a Secreted/ Allergen 523 6.38 FTCETADCGSGQVAC 2 1662.618 1662.62 -0.0013 -0.781899 X!Tandem
sp|Q9FSG7 Thaumatin-like protein 1a Secreted/ Allergen 543 6.5 CPAPLQVK 2 912.497 912.4976 -6.00E-04 -0.657536 X!Tandem
tr|Q00MX4 Pathogenesis-related protein 8/ Thaumatin-like protein 1a Glycosidase/ Hydrolase 629 7.01 ASQSVDAPSPWSGR 2 1444.682 1444.682 3.00E-04 0.207658 X!Tandem
tr|Q00MX4 Pathogenesis-related protein 8/ Thaumatin-like protein 1a Glycosidase/ Hydrolase 1260 10.97 QCPQAYSYAYDDKNSTFTCSGGPDYVITFCP 3 3612.505 3612.503 0.0014 0.387543 X!Tandem
1358 0.027 3.3 0.417 1.38 4.53 sp|Q00985 1-aminocyclopropane-1-carboxylate oxidase 1 Ethylene biosynthesis/ Fruit Ripening/ Oxidoreductase 316 5.08 FKEMVAAK 2 939.4964 939.4972 -8.00E-04 -0.851519 X!Tandem
sp|Q00985 1-aminocyclopropane-1-carboxylate oxidase 1 Ethylene biosynthesis/ Fruit Ripening/ Oxidoreductase 347 5.3 GPNFGTK 2 720.3672 720.3679 -8.00E-04 -1.110544 X!Tandem
sp|Q00985 1-aminocyclopropane-1-carboxylate oxidase 1 Ethylene biosynthesis/ Fruit Ripening/ Oxidoreductase 1266 11.17 MSIASFYNPGNDSFISPAPAVLEK 3 2571.246 2571.244 0.0021 0.816725 X!Tandem
sp|Q00985 1-aminocyclopropane-1-carboxylate oxidase 1 Ethylene biosynthesis/ Fruit Ripening/ Oxidoreductase 1404 11.91 MSIASFYNPGNDSFISPAPAVLEK 3 2555.248 2555.249 -9.00E-04 -0.352216 X!Tandem
1808 0.002 46.7 3.292 0.071 3.51 tr|Q00MX4 Pathogenesis-related protein 8 Glycosidase/ Hydrolase 900 8.7 FYDNGYSASIKDSI 2 1579.727 1579.728 -1.00E-03 -0.63302 X!Tandem
tr|Q00MX4 Pathogenesis-related protein 8 Glycosidase/ Hydrolase 1116 10.08 MGLPAAPEAAPSGGFIPADALK 3 2097.069 2097.069 1.00E-04 0.047686 X!Tandem
3047 0.024 10.6 3.133 0.296 4.91 Unknown Predicted: UTP--glucose-1-phosphate uridylyltransferase Metabolic enzymes 519 6.37 AAVATGNVDK 2 987.5112 987.511 -4.00E-04 -0.405059 X!Tandem
Unknown Predicted: UTP--glucose-1-phosphate uridylyltransferase Metabolic enzymes 658 7.21 SDVASLSQISENEK 2 1506.729 1506.729 1.00E-04 0.066369 X!Tandem
Predicted: UTP--glucose-1-phosphate uridylyltransferase Metabolic enzymes 862 8.49 VLQLETAAGAAIR 2 1312.758 1312.759 9.00E-04 0.685579 X!Tandem
3072 0.012 19.1 2.783 0.146 3.72 sp|P83336 Thaumatin-like Protein 1b Cellular Component 379 5.38 AADGSVISCK 2 1007.483 1007.483 0.0001 0.099257 X!Tandem
sp|P83336 Thaumatin-like Protein 1b Cellular Component 591 6.65 SACLAFGDSK 2 1055.483 1055.483 -0.0003 -0.28423 X!Tandem
3091 0.043 7.8 2.364 0.305 3.66 Unknown Thaumatin-like Protein Cellular Component 395 Unknown AADGSVLSCK 2 Unknown Unknown Unknown Unknown DENOVO
Avg.Norm. Vol.
Table 1. Identified Malus domestica protein spots after DIGE, SameSpots statistical analysis and LTQ-Orbitrap protein identification. Proteins were identified using the reviewed 
Malus domestica database (uniprot.org). To be considered significant, DIGE spots had a p<0.05 and a minimum 2-fold difference. 
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Abstract 
Bitter pit is a physiological disorder that occurs in apple, pear and quince and has long 
been associated with calcium uptake or lack thereof. In the present study, pooled 
biological Malus domestica proteins were collected from healthy and naturally 
occurring bitter pit fruit. Protein samples (bitter pit and healthy) were injected onto 
one-dimensional sodium dodecyl polyacrylamide gel electrophoresis (1D-SDS-
PAGE) gels and short migration was performed. Gel segments were scored, digested 
and submitted to high performance liquid chromatography (HPLC) coupled to Q 
Exactive™ Hybrid Quadrupole-Orbitrap mass spectrometer (MS) to infer protein 
identification. A total of 1543 proteins were identified using the directly translated 
apple genome; 170 proteins were classified as having p<0.05, thus indicating 
significant difference in occurrence between healthy and bitter pit tissues. From these, 
forty-eight proteins were identified as having p<0.05 and a minimum 2-fold 
difference in abundance (either on sound or affected tissues). These metabolites were 
those best fitting a specific tissue condition so may be considered as markers for 
diagnosis and disorder status. Proteins expressing bitter pit were involved in a variety 
of functions, many of them related to defense mechanisms (pathogen or wounding 
attack, oxidative stress), as well as desiccation, mitochondrial carrying or protein 
biding. 
This research provides a significant advance in the knowledge of protein expression 
alterations occurring in bitter pit in comparison with sound tissues and may assist to 
better understand underlying mechanisms occurring during this disorder development.  
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Introduction 
Bitter pit, a physiological disorder occurring in apple, pear, and quince, has been long 
associated with calcium uptake or lack thereof. Symptoms are known to develop in 
storage, appearing several weeks to months after harvest. Symptoms have also been 
seen on young, vigorously growing, nitrogen fertilized trees, with partial fruit 
maturity (Ferguson & Watkins, 1989). The severity of bitter pit is often associated 
with nutrient concentration (N, K, Mg, Ca), seasonal rainfall, and temperatures, which 
are known to enhance the development of the disorder (Retamales et al., 2000b). 
Bitter pit development has been described as the result of low Ca2+ concentrations in 
fruit tissue (Fuller, 1980). Calcium uptake is directly influenced by climate, water 
availability, nutrition, vigor, and crop production. Uneven calcium distribution in fruit 
tissue has been thought to be one of several factors that cause bitter pit (Wilkinson, 
1964). Previous calcium studies have suggested the majority of apple Ca2+ is located 
in the vacuole and cell wall of fruit (Freitas, 2012, Harker & Venis, 1991), reporting 
large concentrations of Ca2+ in vacuolar and cell wall regions responsible for cell 
regulation. Freitas (2012) suggested Metabolic changes in Ca2+ content could weaken 
plasma membrane structures, eventually causing cell death and bitter pit symptoms. It 
has also been reported that the skin, seeds, and core tissue of bitter pit affected fruits 
have higher calcium concentrations than the flesh (Wilkinson, 1961, Wilkinson, 
1964). Spray treatments (utilizing calcium chloride or calcium nitrate) have been 
studied as a key approach in reducing bitter pit occurrence (Ferguson & Watkins, 
1989). However, no treatment has been completely successful to control bitter pit, and 
reducing fruit loss has become a priority for fruit growers. 
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Despite many years of research, the mechanisms involved in bitter pit development 
are still not well understood. A deep knowledge of the factors that trigger this disorder 
is needed to devise more effective control strategies during breeding programs. 
At the genomic level, predictive quantitative trait locus (QTLs) DNA tests have been 
developed to predict and breed out bitter pit alleles. The BP16, BP13, and LG16ma 
alleles are thought to be partially responsible for bitter pit, and were discovered while 
selective breeding for shelf life, color, acidity, and flavor (Lezzoni et al., 2010). 
RosBREED consortium (a group of world wide academia and private research centers 
focused on apple breeding to optimize apple production) has developed BP16-indel 
and BP13-SSR tests to validate QTL alleles. 
However, in the quest to understand biological processes, the study of proteins cannot 
be avoided. Proteomics provides us with a variety of exciting new strategies to 
address biological questions.  
With the influx in genomic data and improvements in analytical technology, 
proteomics has become increasingly important to study the many different aspects of 
plant functions. While proteins serve as important components of major signaling and 
biochemical pathways, studies at protein levels are essential to reveal molecular 
mechanisms underlying plant growth, development, and interactions with the 
environment (Chen & Harmon, 2006).  
A major obstacle in proteomics research is the analysis of complex samples. The 
global strategy to address proteomic research must integrate a series of 
comprehensive and accurate separative and analytical technologies to deal with the 
immense complex samples involved. Mass spectrometry based shotgun proteomics is 
a modern, fast and relatively easy method for large-scale protein identification. When 
relative protein quantitation is chosen, there are two methods commonly used, label 
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and label-free. Label protein quantitation uses isotopes or isobaric tags that shift the 
mass of a labeled protein or peptide. Label-free protein quantitation relies on ion 
peaks, ion mass counts, or number of tandem mass spectra (spectral counting) to 
determine the amount of protein or peptide in a sample (Vogel & Marcotte, 2012; 
(Cooper et al., 2010).  
Shotgun proteomics refers to the use of bottom-up proteomics techniques in which the 
protein content in a biological sample mixture is digested prior to separation by mass 
spectrometry analysis (McDonald & Yates, 2003, Kislinger & Emili, 2003)). 
Typically, liquid chromatography (LC) coupled with tandem mass spectrometry 
(MS/MS) is used to separate digested peptides and identification. The MS/MS spectra 
are searched against a protein database to identify peptides in the sample by 
comparing experimental MS/MS spectra with in silico spectra generated from the 
peptide sequences (Wu & MacCoss, 2002). 
The main objective of the present study was to identify proteins markers (significantly 
up or down-regulated) in sound and bitter pit affected tissues from apple (Malus 
domestica), and to compare their relative abundance by means of a shotgun 
proteomics approach; one-dimensional short migration gel electrophoresis followed 
by in-gel digestion and LC/MS/MS analysis of peptides to infer protein identity by 
spectral counting. As a case study, two apples cultivars Reinette du Canada Gris’ and 
‛Golden Smoothee’ were selected due to their production value and known sensitivity 
to bitter pit development. 
This study aims to gain knowledge on the physiology of bitter pit in apple tissue, 
providing for the first time a complete picture of protein metabolites characterizing 
the disorder.  
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Materials and Methods 
Acquired Fruit 
Apple samples ‛Reinette du Canada Gris’ and ‛Golden Smoothee’ were commercially 
grown in Aragon, Spain. The orchard was arranged in a single block, with 1,040 trees 
per hectare. Cultivars were grafted on M9 rootstock and planted in rows at 2m centers 
with 4m between each row. There were 13 rows with approximately 80 trees per row. 
The average yearly output for the block is 20,800 kg fruit. Cultivars were chosen due 
to harvest date and known susceptibility to bitter pit symptoms. Approximately 42 
fruit containers/trays of each cultivar (84 total containers) were collected and stored in 
a temperature-controlled room (4ºC) until processed. Each apple container weighed 
between 10 to 20 kg depending on the size and number of fruit. On average each 
container contained 18 apple fruit. At collection time, less than 1% of fruit exhibited 
bitter pit symptoms. 
Sampling 
Apples were grouped according to visual symptoms (bitter pit/healthy). After six 
months of storage, approximately 35 % of each container (6-8 fruit) expressed bitter 
pit symptoms. 
Bitter pit apples expressing symptoms (i.e. sunken spots, patches, or discoloring) were 
sampled starting from the calyx end, removing localized subcutaneous tissue at 
random. Healthy tissue was sampled similarly. No more than 5 tissue samples were 
taken from each apple (0.5 g dry weight). A total of 150 sampled bitter pit 
subcutaneous tissue (sampled from 30 apples, 5 spots/apple) and 50 healthy tissue 
extractions (10 apples, 5 spots/apple) were collected and allocated into tubes. Tissues 
were collected in 5 mL plastic tubes on ice and stored at -20ºC. Two bitter pit pool 
samples and eight healthy pool samples were analyzed 
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Lyophilization  
Sample tubes were placed inside a Cryodos 50 laboratory freeze-dryer (Telstar 
lifesciences, Terrassa, Spain) maintained at -0.062 mbar, -50.5 ºC and lyophilized for 
several days to remove sample moisture (water content = 0%). Lyophilized samples 
were ground to a fine powder (1-100 uM). Samples were stored (-80ºC), until further 
analysis. 
Protein Extraction  
Proteins were extracted accordingly to the methods described by Bestel-Corre et al 
(2002). Approximately 1g of apple powder (previously stored at -80ºC) was added 
into a clean centrifuge tube. Approximately 5 mL of extraction buffer (0.5 M Tris-
HCL pH 7.5, 0.7 M sucrose, 50 mM EDTA, 0.1 M KCl, 10 mM thiourea, 2 mM 
PMSF, and 2% B-mercapethanol (v/v)) was added and agitated. Approximately 5 mL 
of saturated phenol pH 8 (Aqua phenol, MP Biomedicals, Santa Ana, CA, USA) was 
added. The solution was vigorously shaken for 30 minutes then centrifuged at 12000 
g. The supernatant was transferred into a clean tube and approximately 10 mL of 
extraction buffer was added. The tubes were agitated for an additional 30 minutes and 
centrifuged. The phenol phase was transferred into a new tube and approximately 5 
volumes of ice-cold methanol containing 0.1 M ammonium acetate was added. The 
solution was allowed to precipitate overnight at -20ºC.  
The following day, tubes were centrifuged at 10,000 g for 30 minutes. The 
supernatant was discarded producing a protein pellet. The pellet was washed twice 
with ice-cold methanol and acetone. Tubes were placed in a speedvac and allowed to 
dry for 4 hours. Protein tubes were stored at -20ºC until further analysis. 
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Gels 
Pre-cast gels NuPAGE® Novex® 12% Bis-Tris Gel 1.0 mm 10-well gels, were 
purchased from Invitrogen (Life Technologies Corporation S.A. Alcobendas, Madrid, 
España). Pre-cast gels were chosen due to their high protein resolution, lot-to-lot 
consistency, protein consistency, band quality, and short run times.  
Standards 
Seeblue® Plus2 standard (Invitrogen, Life Technologies Corp. S.A. Alcobendas, 
Madrid) was placed onto Pre-cast NuPAGE gels. Seeblue® Plus2 has 10 protein 
standards between the ranges of 4 to 250 kDa. Approximately 4 ml Seeblue® Plus2 
solution was placed onto gels.  
Protein Quantification (2D Quantification Assay Kit) 
The precipitated pellets were re-dissolved in 0.5 mL lysis solution [30 mM Tris (pH 
8.5), 7 M Urea, 2 M Thiourea, 4% CHAPS, pH 9.5]. Protein quantification was 
performed using a GE 2D quantification assay kit (see appendix). The GE kit was 
chosen for its accuracy in determining protein concentration in the presence of 
detergents and reducing agents. Precipitated proteins were suspended in a copper-
containing solution and unbound copper was measured with a colorimetric agent. The 
absorbance was measured at 480 nm and was inversely related to protein 
concentration. The assay had a linear response to protein in the range of 0 to 50 µg. 
Sample Loading 
Approximately 10 mL Laemmli buffer was prepared (4% B-mercaptoethanol, 10% 
glycerol, 3% SDS, 62.5 mM Tris-HCl pH 6.8, fill to 10 mL with H2O). 
Approximately 100 µL Laemmli buffer was added into micro tubes with each sample 
(Eppendorf AG, Hamburg, Germany). Micro tubes were agitated and centrifuged. The 
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micro tubes were then submerged for 15 minutes in an ultra sonic water bath to 
eliminate bubbles. The micro tubes were vortexed, and centrifuged for 5 minutes to 
remove any insoluble proteins. Approximately 10 µL supernatant were added into a 
clean micro tube. Five µL NuPAGE® LDS Sample Buffer (4X) (Invitrogen - Life 
Technologies Corporation S.A. Alcobendas, Madrid, España) was added to the 
sample. One µL B-mercaptoethanol was added to facilitate protein migration during 
SDS-PAGE. Four µL water were added to create a final volume of 20 µL.  
Running Gels 
Pre-cast NuPage Gels were inserted into an XCell SureLock™ Mini-Cell 
Electrophoresis System (Invitrogen - Life Technologies Corporation S.A. 
Alcobendas, Madrid, España). Approximately 700 mL 1X running buffer (20X 
NuPAGE® MES SDS Running Buffer diluted with MilliQ water) were added into the 
mini-cell to cover the gel. Approximately 20 µL (10 ug) of each sample and 4 µL 
standard were placed on top of the gel. The Mini-cell system was connected to a 
power source, and voltage was set to 200 V, with an expected current at 120 mA. Gels 
were run for several minutes until samples had migrated approximately 2-3 cm (short 
migration). The gel was placed into a tray containing MilliQ water and shaken for 1 
hour, replacing the water every 20 minutes. After 1 hour, SimplyBlue™ SafeStain 
(Invitrogen - Life Technologies Corporation3 S.A. Alcobendas, Madrid, España) was 
added and the gels were stained for 1 hour with agitation. Once stained, 
SimplyBlue™ SafeStain was removed and MilliQ water was added. Gels were 
destained for 1 hour with agitation, changing the water every 20 minutes. Gels were 
stored in MilliQ water at 4ºC until digestion. 
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Gel samples 
Gels were placed on a glass-scoring tray and cut until 0.5 cm below the visible front 
line. The area incised represented approximately 10 µg. Gels were placed inside wells 
of a 96-well ELISA plate for analysis. 
Wash 
Gel samples were immersed in 100 µL wash solution (50% acetonitrile/ 50% 50 mM 
NH4HCO3) for approximately 10 minutes, before agitation, and centrifugation, 
repeated twice. PCR plates eliminated the wash solution through holes located at the 
bottom of each plate. 
Reduction and Alkylation  
Reduction and alkylation, was performed to unfold the tertiary structure of proteins by 
breaking disulfide bonds (Cysteine). Approximately 100 µL 10 mM dithiothreitol 
(DTT) were added to each gel sample. Gels were incubated for 1 hour. After 
incubation, gels were centrifuged and filtrate solution was discarded. Approximately 
100 µL 55 mM Iodoacetamide were added and plates were incubated for 1 hour in 
obscurity. After 1 hour, plates were centrifuged and the filtrate solution discarded. 
Gels were washed twice with 100 µL 25 mM ammonium carbonate then centrifuged. 
Gel pieces were washed and dehydrated (three times) with 100 µL acetonitre. After 
each wash the solution was discarded. The plate was dried overnight at 57º C. 
Trypsinolysis 
Gel plates were placed into FrameStar® 96 PCR Plates (GeneOn GmbH, 
Ludwigshafen am Rhein, Germany) with PCR collection plates underneath. 
Approximately 2 mL 25 mM NH4HCO3 were added to 20 µg (100 ng) sequencing 
grade modified trypsin porcine (Promega, Promega corporation, Madison, WI, USA). 
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Plates were incubated for 6 hours at 37ºC. After incubation, plates were centrifuged 
and the trypsin solution was collected. Tryptic peptides were extracted by adding 20 
µL 25 mM Ammonium Bicarbonate to each sample, then centrifuging to collect the 
solution. Approximately 20 µL 50% (v/v) ACN, 0.5% (v/v) trifluoroacetic acid (TFA) 
were added. Samples were incubated for 20 minutes then centrifuged to collect the 
supernatant, repeated twice. Approximately 10 µL Acetonitrile was added and the 
supernatant collected. Peptide extracts were dried in a speed vacuum concentrator for 
approximately 2 hours. The dried filtrate was suspended in 25 µL of 2% (v/v) ACN, 
0.05% (v/v) TFA, 0.08% (v/v) formic acid before HPLC injection. 
HPLC  
HPLC was performed on a NanoLC-Ultra system (Eksigent). A 4 mL sample of the 
peptide solution was loaded at 7.5 mL min_1 on a precolumn cartridge (stationary 
phase: C18 Biosphere, 5 mm; column: 100 mm inner diameter, 2 cm; 
Nanoseparations) and desalted with 0.1% HCOOH. After 3 min, the precolumn 
cartridge was connected to the separating PepMap C18 column (stationary phase: C18 
Biosphere, 3 mm; column: 75 mm inner diameter, 150 mm; Nanoseparations). 
Buffers A and B respectively were prepared with 0.1% HCOOH in water, and with 
0.1% HCOOH in acetonitrile. The peptide separation was achieved with a linear 
gradient from 5 to 35% B for 40 min at 300 nL min_1. Including the regeneration step 
at 95% B and the equilibration step at 95% A, one run took 45 min. 
On line analysis of peptides was performed with a Q-exactive hybrid quadrupole 
orbitrap mass spectrometer (Thermo Fisher Scientific, USA), using a 
nanoelectrospray ion source. Ionization (1.8kV ionization potential) was performed 
with a stainless steel emitter (30 µm i.d., Thermo Electron). Peptide ions were 
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analysed using Xcalibur 2.1 with the following data-dependent acquisition steps: (1) 
full MS scan (mass-to-charge ratio (m/z) 400 to 1400, resolution 70000) and (2) 
MS/MS (normalized collision energy = 30%, resolution 17500). Step 2 was repeated 
for the 5 major ions detected in step 1. Dynamic exclusion was set to 40 s. 
The raw mass data were converted to mzXML format with the ReAdW software 
(http://tools.proteomecenter.org/software.php). Protein identification was performed 
querying MS/MS data against databases, together with an in-house contaminant 
database, using the X!Tandem software (X!Tandem Cyclone (2011.12.01), 
http://www.thegpm.org) with the following parameters : one trypsin missed cleavage 
allowed, alkylation of cysteine and conditional oxidation of methionine, precursor and 
fragment ion set at 2 ppm and 0.005 Da, respectively. A refined search was added 
with similar parameters except that semi-tryptic peptides and possible N-ter 
acetylation of proteins were searched. All peptides matched with an E-value lower 
than 0.01 were parsed with X!Tandem pipeline software 
(http://pappso.inra.fr/bioinfo/xtandempipeline). Proteins identified with at least two 
unique peptides and a log (E-value) lower than 4 (10-4) were validated. In the case of 
identification with only two or three MS/MS spectra, similarity between the 
experimental and the theoretical MS/MS spectra was visually checked. 
Identified proteins were known only by their gene names (per genomic database). 
Protein identification was performed manually by searching each gene name (i.e. 
MDP0000474746) on Phytozome.net (Version 9.1, University of California Regents, 
USA). Matched protein sequences were then analyzed using the Basic Local 
Alignment Search Tool (BLAST) search engine from the NCBI website (Altschul et 
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al., 1990). NCBI website data provided an identification, description and alignment 
results with the highest matched score.  
Proteins identified from the same group were aligned in ClustalW2 (McWilliam et al., 
2013) using their FASTA peptide sequence. Results displayed alignment, results 
(including percent identify matrix and phylogenic tree. 
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Results 
Protein MS/MS spectra data were compared against a directly translated peptidic 
Malus domestica database obtained from the apple genome (IASMA.it), published in 
2010. A total of 1,543 proteins were matched using X!tandem software coupled with 
the mass spectrometer data and database. One hundred seventy proteins were 
identified as having p<0.05. Forty-eight proteins (between healthy and bitter pit) were 
identified as having p<0.05 and a minimum 2-fold spectra difference (Table 1).  
Proteins were categorized according to their identification group (created using 
MS/MS data). Of the 44 bitter pit proteins, there were only 36 distinct protein groups 
(4 healthy groups). ß-amyrin synthase (Gene id: MDP0000474746 and 
MDP0000227287), (R)-mandelonitrile lyase (Gene id: MDP0000318256 and 
MDP0000137211, minor allergen Alt a 7-like (MDP0000393227 and 
MDP0000509613) and major allergen Mal d 1 (MDP0000288293, MDP0000864747, 
MDP0000295542, MDP0000750556, MDP0000216907 and MDP0000116244) all 
had multiple proteins in their respective groups. Multiple protein group entries were 
validated by performing a multiple sequence alignment in ClustalW2 (McWilliam et 
al., 2013), all proteins were found to be unique (Supplemental Figures 1-4).  
Twenty-eight defensive or plant response to stress, pathogen attack, wounding, or 
oxidative stress proteins were found upregulated in bitter pit samples. These proteins 
include Mal d 1 (appearing seven times, in two separate groups, and each isomer 
having a unique [matchless] sequence), uncharacterized protein C167.05, protein P21, 
minor allergen Alt a 7-like (appearing twice, in the same group), glutathione S-
transferase (appearing twice), desiccation-related protein PCC13-62-like, Zeaxanthin 
epoxidase, low quality protein: serine carboxypeptidase-like 50, ubiquinol oxidase, 
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cationic peroxidase, xylem serine protease 1, glucan endo-1,3-beta-glucosidase-like, 
4-hydroxycoumarin synthase 2, aldehyde dehydrogenase family 2 member B4, (R)-
mandelonitrile, ATP synthase subunit d, and β-amyrin.  
Additional bitter pit proteins identified include: transport (sorbitol transporter, 
mitochondrial phosphate carrier protein 2), oxidoreductase (cytochrome c oxidase 
subunit 6b-1-like, galactose oxidase-like, NAD-dependent malic enzyme 59 kDa 
isoform), mevalonate pathway (3-keytoacyl-CoA thiolase 2 and diphosphomevalonate 
decarboxylase-like), protein binding (eukaryotic translation initiation factor 3 subunit 
F-like, probable inactive leucine-rich repeat receptor-like protein kinaseAt2g25790, 
basic 7S globulin-like and histone-lysine N-methyltransferase 2E) and hydrolysis 
(esterase-like, beta-hexosaminidase 1-like and probable Xaa-Pro aminopeptidase P).  
With respect to healthy tissues, four proteins [alpha-amylase 3 (chloroplastic-like), 
1,4-alpha-glucan-branching enzyme 1 (chloroplastic/amylopastic-like), 
uncharacterized oxidoreductase At4g09670 and 60S ribosomal protein L13-1-like] 
were identified as being significantly upregulated with no MS/MS spectra counted for 
bitter pit samples.  
                                                                                                                        Chapter 5
   
	   180	  
Discussion 
Bitter pit has long been studied and characterized as calcium related disorder, which 
is known to affect several fruit genera. Despite advancements in cellular research, 
foliar applications and prediction models, no effective method has been able to 
control and ultimately eliminate bitter pit in fruit. Recent group publications (Val et 
al., 2006a, Krawitzky et al., 2015b, Krawitzky et al., 2015a) have demonstrated 
original proteomic explanations as a potential cause of bitter pit, one that shows 
promise in understanding its occurrence. 
Recent advancements in technology and in “-omic” studies have been essential in 
understanding the molecular systems that effect various plant functions (Mochida & 
Shinozaki, 2011). In the present study, label-free relative protein quantitation was 
used to identify potential protein upregulation to interpret proteins that are over/under 
expressed at the plant functional level. Forty-eight proteins (between bitter pit and 
healthy samples) were overly expressed and between them a potential clue to why 
bitter pit occurs.  
When plants are attacked by pathogens, a number of metabolic changes occur within 
the plant as a defense response. A contained hypersensitive response occurs to confine 
the pathogen in the area of infection, various genes are activated, which results in the 
production of antimicrobial compounds, the phytolaxins, and various antimicrobial 
proteins, including pathogenesis-related (PR) proteins (Zhang, 2006). In the current 
study 28 defensive proteins were identified as being overly expressed in bitter pit 
protein samples. The most abundant protein identified was major allergen Mal d 1, a 
PR protein. PR proteins are proteins encoded by the host plant that have been induced 
by stress or pathogen attack. PR proteins have also been detected in healthy plant 
tissues without any infection or stress. Necrosis caused by abiotic stress and toxin 
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related chlorosis have also been shown to induce PR Proteins (van Loon, 1999). PR 
proteins display high-degree of pathogen specificity and are coordinated at the level 
of transcription (Van Loon & Van Strien, 1999) and are well known for their role in 
acquired resistance that are induced in association with necrotic lesions in plants. 
(Sudisha et al., 2012). In the present study eleven PR proteins were identified from 
the 29 stress-related proteins, a result which strongly supports PR pathogens 
significant role in bitter pit development.  
Pathogen-derived elicitors have been shown to be powerful PR inducers. Glucan and 
chitin, two known elicitors, have previously been characterized and are derived from 
fungal cell walls, fungus-secreted glycoproteins, peptides, and proteins of elicitin 
family (Münch-Garthoff et al., 1997, Jelitto-Van Dooren et al., 1999, Honée et al., 
1998). Protein products of avirulence genes in fungi and bacteria are capable of PR 
inducing (Staskawicz et al., 1995, Hennin et al., 2001). Polygalacturonases have been 
shown to release biologically active pectic fragments from plant cell walls, named 
endogenous elicitors (McNeil et al., 1984) capable of inducing defense responses in 
plants, including PR accumulation (Boudart et al., 1998). Chemicals, such as salicylic, 
polyacrylic, and fatty acids, inorganic salts, as well as physical stimuli (wounding, 
UV-B radiation, osmotic shock, low temperature, water deficit and excess), are 
involved in PR induction. Low temperature and water deficit are two environmental 
factors in apple storage, an effect of fruit storage that may induce PR proteins. 
Many secondary signals are well known inducers of PR gene expression. Jasmonate 
and ethylene pathways act in parallel to induce PR-10, 11, 12,13 in arabidopsis and 
tobacco. Signal molecules ethylene and jasmonates are known to substantially 
increase the levels of osmotins (Sudisha et al., 2012). In addition to the already 
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existing complexity, some signals are interdependent. Ethylene may function 
downstream of jasmonic acid in activating PR-2 and 3 in tobacco upon pathogen 
infection (Penninckx et al., 1998). Down regulation of PR gene expression is also 
known. Glucanase can be down regulated by both ethylene and jasmonate (Bostock, 
1999, Thaler et al., 2002). 
In addition to being induced by a wide array of environmental/external signals, PR 
synthesis can be triggered by internal plant developmental stimuli. Fraser (1981) was 
the first to report the formation of a set of PRs in healthy tobacco leaves as they 
reached the flowering and senescing stage. Similar data are reported for senescing 
Brassica napus leaves (Hanfrey et al., 1996). It is important to point out that 
developmentally-induced PR proteins are accumulated (Ma et al., 1996, Van Loon & 
Van Strien, 1999, Ekramoddoullah et al., 2000); Promoters of proteins similar to PR-
1, have a heat shock regulatory element leading to speculation that PR gene products 
may have a chaperonin like stabilizing activity. There has been speculation that 
extracellular acidic PR proteins like glucanase and chitinases may be involved in the 
recognition process, releasing defense activating signaling molecules. Such elicitors 
could stimulate host defense response and induce acquired resistance to further 
infection (Sudisha et al., 2012). Occurrence of endogenous substrates of PR’s in 
plants might allow proteins to function similarly through release of endogenous 
signaling compounds. Specific oligosaccharides have been implicated as signals in 
response to biotic and abiotic stress (Klarzynski et al., 2000).  
An important characteristic of many PR proteins is their antifungal, antibacterial, 
insecticidal, nematicidal, and antiviral action (Smirnov et al., 1997, Liu et al., 2006, 
van Loon et al., 2006b). Toxicity of PRs can be generally accounted for by their 
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hydrolytic, proteinase-inhibitory and membrane permeating ability. Thus, hydrolytic 
enzymes (1,3-glucanases, chitinases and proteinases) can be a tool in weakening and 
decomposing fungal cell walls, containing glucans, chitin and proteins, while PR-8 
can disrupt gram-positive bacteria due to lysozyme activity (Van Loon & Van Strien, 
1999, Selitrennikoff, 2001).  
In addition to PR proteins, low molecular weight secondary metabolites with 
antimicrobial activity that are induced by stress known as phytoalexins also play an 
important part in plant defense. Phytoalexins are a heterogeneous group of 
compounds that show biological activity towards a variety of pathogens and are 
considered molecular markers of disease resistance (Schmelz et al., 2011). Elicitors 
induce production of phytoalexins by mimicking a pathogen attack or other stress, and 
can be substances of pathogenic origin (exogenous) or compounds released by plants 
by the action of the pathogen (endogenous) (Angelova et al., 2006). 
The overall effect of low-temperature and water-deficit stress on gene expression in 
fruiting trees has been reported (Dhanaraj et al., 2004, Bassett et al., 2006, 
Wisniewski et al., 2008). Dehydrins are known to be significantly upregulated when 
plants experience low temperature and water; and different dehydrin family members 
respond to cold (e.g. PpDhn1 and 3) or water deficit (e.g. PpDhn2)(Wisniewski et al., 
2008). In addition, several classes of PR genes have been reported to increase in 
response to low temperature or water limitations, including peroxidases, Bet V I 
allergens, and thaumatin-like proteins (Fowler & Thomashow, 2002, Dhanaraj et al., 
2004, Wei et al., 2005, Wong et al., 2006, Wei et al., 2010). 
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Conclusions 
Bitter pit has described as an apple disorder that is caused by lack of calcium or the 
plants inability to use it. Despite advancements in cellular research, foliar applications 
and prediction models, no effective method has been able to fully understand, control 
and ultimately eliminate bitter pit in fruit. The present study provides for the first time 
qualitative data of a broad spectrum of proteins that are overly expressed in bitter pit 
(or in healthy tissues), an important step toward creating tools for early diagnosis. 
v The direct comparison of protein profiles (in both protein number and 
diversity of functions) shows that bitter pit is a complex disorder involving a 
large number of biochemical mechanisms, namely oxidative stress and 
membrane disruption. 
v The proteomic profile of bitter pit apple fruit established in this study included 
elevated levels of proteins associated to plant defense against pathogen and 
wounding attack, oxidative stress as well as tissue desiccation, mitochondrial 
carrying or protein binding among others.  
v Healthy apple tissues presented higher contents of chloroplastic like proteins, 
which are involved in starch and carbohydrates storage. 
v It is hypothesized that after several months of storage, PR proteins, 
phytoalexins concentrations accumulate enough to provoke a combination of 
reactions, which causes bitter pit.  
v Subsequent metabolomics research may be of interest to investigate specific 
Malus domestica pathways pre-harvest and during storage.  
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Table 1. Identified upregulated Malus domestica proteins originating from bitter pit and healthy tissue. Digested proteins were injected into an HPLC-Q-Exactive and 
fragmented peptides were matched using a peptidic database directly converted from the known genome. All proteins listed are significant (p<0.05 and a minimum 2-fold 
difference). Highlighted proteins are indicative of upregulation in healthy samples. 
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58.4 -23.0 2.4 1112 1112 100% 0 100% XP_008374451.1 







44.3 -33.8 14.0 632 632 100% 0 84% XP_008392718.1 
161 21.5 MDP0000393227 minor allergen Alt 







21.5 -31.6 3.3 407 407 99% 3.00E-142 100% XP_008383962.1 
161 21.4 MDP0000509613 
minor allergen Alt 







DNA-dependent 21.4 -73.4 12.0 410 410 99% 3.00E-143 100% XP_008371222.1               
129 33.8 MDP0000209662 
desiccation-related 
protein PCC13-62-












transferring acyl groups 
other than amino-acyl 
groups 53.8 -101.5 12.0 912 912 88% 0 
100
% XP_008372446.1 
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E-Value Identity Accession ID 
65 19.1 MDP0000642609 
uncharacterized 
protein C167.05 
[Malus domestica] response to stress 19.1 -26.7 2.4 278 278 92% 2.00E-92 86% XP_008370018.1 




amylase activity/ calcium 
ion binding/ 
carbohydrate metabolic 
process/ pectate lyase 
activity/ cation binding 173.7 -55.2 0.0 1865 1865 64% 0 91% XP_008339932.1 
4 17.5 MDP0000288293 
major allergen Mal 
d 1-like 
defense response/ 
response to biotic 




107 100% NP_001287807.1 
4 17.5 MDP0000864747 Mal d 1-like 
defense response/ 
response to biotic 
stimulus 17.5 -149.4 2.6 316 316 99% 
9.00E-
108 99% AAS00050.1 
4 17.3 MDP0000750556 
major allergen Mal 
d 1-like [Malus 
domestica] 
defense response/ 
response to biotic 
stimulus 17.3 -117.1 3.8 317 317 99% 
3.00E-
108 100% XP_008351173.1 
4 17.3 MDP0000295542 
major allergen Mal 
d 1-like [Malus 
domestica] 
defense response/ 
response to biotic 




106 100% XP_008360261.1 
4 17.2 MDP0000216907 
Mal d 1-like [Malus 
domestica] 
defense response/ 
response to biotic 




106 99% AAS00046.1 
4 17.1 MDP0000116244 
major allergen Mal 
d 1.06C 
defense response/ 
response to biotic 




103 97% AAX18306.1 
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Supplemental Data 
 
MDP0000216907      MGVLTYETEYASIIPPARLYNALVLDADNLIPKIAPQAVKTVEILEGDGGVGTIKKVSFG 60 
MDP0000116244      MGVLTYETEYASVIPPARLYNALVLDADNLIPKIAPQAVKTVEILEGDGGVGTIKKVSFG 60 
MDP0000288293      MGVLTYETEYVSVIPPARLYYALVLDADNLLPKIAPQAVKTVEILEGDGSVGTIKKVSFG 60 
MDP0000750556      MGVFTYETEFASVCTPARLYNALVLDADNLIPKIAPQAVKTAEILEGDGGVGTIKKISFG 60 
MDP0000864747      MGVFTYEFEFTSVIPPARLYNAFVLDADNLIPKIAPQAVKSTEILEGDGGVGTIKKINFG 60 
MDP0000295542      MGVFIYESEFTSVIPPARLFNAFVLDADNLIPKIAPQAVKSAEILEGDGGVGTIKKINFG 60 
MDP0000418277      MGVFTYESEFSSVIPPTRLYNXFVLDADNLIPKIAPQA-----ILXGXXGVGTIKKINFG 55 
                   ***: ** *: *: .*:**:  :*******:*******     ** *  .******:.** 
 
MDP0000216907      EGSEYXYVKHKVEGIDKDNFVYSYSLIEGDAISDKIEKISYEIKLVASGSGSIIKNISHY 120 
MDP0000116244      EGFEYSYVKHKVEGIDKDNFVYSYXLIEGDAISDKIXKISYEIKLVASGSGSIIKNISHY 120 
MDP0000288293      EGSEYSYVKHKVEGIDKDNFDYSYSLIEGDAISDKIEKISYEIKLVASGSGSIIKNTSHY 120 
MDP0000750556      EGSEYSYVKHKVDGIDKDNFVYKYSLIEGDVISDKIEKISYETKLVASGSGSXIKSTSHY 120 
MDP0000864747      EGSTYSYVKHXIDGVDKDNFVYQYSVIEGDAISETIEKISYETKLVASGSGSVIKSISHY 120 
MDP0000295542      EGSTYSYVKHRIDGVDKXNFVYKYSVIEGDAISETIEKISYETKLVASGSGSVIKSTSHY 120 
MDP0000418277      EGSTYXYVKHRIDGVDKDNLVYKYSVIEGDAISXTIEKICYETKLXASGSGCVIKSIXHY 115 
                   **  * **** ::*:** *: *.* :****.** .* **.** ** *****. **.  ** 
 
MDP0000216907      HTKGDFEIKEXHVKAGKERAHGLFKLIENYLVANPDAYN 159 
MDP0000116244      HTKGDVEIKEEXVKAGKERAHGLFKLIENHLVANPDAYN 159 
MDP0000288293      HTKGDVEIKEEHVKVGKDKAHDLFKLIENYLVANPDAYN 159 
MDP0000750556      HTKGDVEIKEEHVKAGKERAHGLFKLIENYLVANPDAYN 159 
MDP0000864747      HTKGDVEIKEEHVKAGKEKASHLFKLIENYLLEHHDAYN 159 
MDP0000295542      HTKXDVEIKEEHVKAGKEKASHLFKLIENYLLEHKDAYN 159 
MDP0000418277      HTKGDVXIKEEHVXAGKEKASHLFKLIENYLLEHQDAYN 154 
                   *** *. ***  * .**::*  *******:*: : **** 
 
      Gene ID        # of AA 
Sequence 1: MDP0000288293      159 aa 
Sequence 2: MDP0000864747      159 aa 
Sequence 3: MDP0000295542      159 aa 
Sequence 4: MDP0000750556      159 aa 
Sequence 5: MDP0000216907      159 aa 
Sequence 6: MDP0000116244      159 aa 
Sequence 7: MDP0000418277      154 aa 
 
Sequences (1:2) Aligned. Score: 78.62 
Sequences (1:3) Aligned. Score: 76.73 
Sequences (1:4) Aligned. Score: 86.79 
Sequences (1:5) Aligned. Score: 91.19 
Sequences (1:6) Aligned. Score: 90.57 
Sequences (1:7) Aligned. Score: 70.78 
Sequences (2:3) Aligned. Score: 93.71 
Sequences (2:4) Aligned. Score: 83.65 
Sequences (2:5) Aligned. Score: 79.87 
Sequences (2:6) Aligned. Score: 79.25 
Sequences (2:7) Aligned. Score: 87.66 
Sequences (3:4) Aligned. Score: 83.02 
Sequences (3:5) Aligned. Score: 76.73 
Sequences (3:6) Aligned. Score: 76.10 
Sequences (3:7) Aligned. Score: 86.36 
Sequences (4:5) Aligned. Score: 89.31 
Sequences (4:6) Aligned. Score: 88.68 
Sequences (4:7) Aligned. Score: 76.62 
Sequences (5:6) Aligned. Score: 94.34 
Sequences (5:7) Aligned. Score: 73.38 
Sequences (6:7) Aligned. Score: 71.43 
       
Supplemental Figure 1: Multiple sequence alignment of Malus domestica Mal d 1 isoforms 
(MDP0000216907, MDP0000116244, MDP0000288293, MDP0000750556, MDP0000864747, 
MDP0000295542 and MDP0000418277. Asterisks indicate conserved residues. Conserved 
substitutions are indicated with a colon (:) and semi-conserved substitutions with a period (.). Colors 
indicate residues according to their physiochemical properties. Red = small (small+hydrophobic 
(incl. aromatic –y)), Blue = acidic, Magenta = Basic –H, Green = Hydroxl + sulfhydryl + amine +G 
and Grey = Unusual amino acids. Sequences were compared against each other to determine 
similarity and differences. Scores were calculated based upon similarity, with the largest score 
indicative of fewer amino acid differences. Phylogeny shows evolutionary similarities between 
species (Max 1.0). Phylogeny similarities are indicated above branches. 
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MDP0000440922      ---------------------------------------------METLYLIFSLGAA-- 13 
MDP0000478473      ---------------------------------------------MEHFYLTLLLGFVSF 15 
MDP0000227287      MWKIKFGEGANDPMLFSTNNFHGRQTWEFDPDAGTEEERAEVEAAREHFYQNRFKVQP-- 58 
MDP0000474746      MWRIKFGEGANDPFLFSTNNFHGRQTWEFDPDAGTEEERAEVEAAREHFYQNRFKVTP-- 58 
                                                                 * :*           
 
MDP0000440922      -FLAFTIFAFKGKSD-DGKNLPPGSMG------WPIVGESIEFLF----------GKPEN 55 
MDP0000478473      ITLSLSVLFYRHRAQFVGTNLPPGKVG------YPVIGETYQFLATGW------KGHPEK 63 
MDP0000227287      -SSDLLWRFQILREKNFKQEIPPVRVGEGEDITYDQATAAFRRAATFWNALQSPHGHWPA 117 
MDP0000474746      -SSDLLWRFQILREKNFQQEIPPVRIGEGEEITYDQATAAFRRAATFWNALQSPHGHWPA 117 
                       :       : .    ::**  :*      :     : .             *:    
 
MDP0000440922      FVFKRMRRYSPDIFKTYILGEKTAVICGPSGHKFLFSNEQK-------YFTAFRPHSMQK 108 
MDP0000478473      FIFDRMTKYSSEVFKTSLMGEKAAIFCGAACNKFLFSNENK-------LVTAWWPSSVNK 116 
MDP0000227287      ENAGPNFYFPPLVMAAYIPGYLNVIFSAEHKKEILRYTYNHQNEDGGWGLHIAGPSMMFT 177 
MDP0000474746      ENAGPNFYFPPLVMAAYIPGYLNVIFSAEHKKEILRYTYNHQNEDGGWGLHISGPSMMFT 177 
                           :.. :: : : *   .::..   :::*  . ::        .    *  : . 
 
MDP0000440922      MFRSYKAAAPTAAAGPAVAQPSRDEEAKVIR--SPGFLKPEALVRYLGKMDSITQEQMK- 165 
MDP0000478473      VF-------------PSSLETSAKEEAKKMRKMLPNFMKPEALQRYIGIMDTVARRHFA- 162 
MDP0000227287      TCLNYCMMRILGDGPDGGRDNACARARKWILDRGGAYYSASWGKTWMAILGVYDWEGSNP 237 
MDP0000474746      TCLNYCMMRILGEGPDGGRDNACARARKWILDRGGAYYSASWGKTWMAILGVYDWEGSNP 237 
                                   .  : :  .  * :      : ...    ::. :.    .     
 
MDP0000440922      ---XYWEGKDVVEVYP--------------------------------LAKTLTLSLACR 190 
MDP0000478473      ---EGWENKKEVEVFP--------------------------------LAKNYTFWLAAR 187 
MDP0000227287      MPPEFWTGSTLLPFHP-----------------------------SKMFCYCRLTYLPMS 268 
MDP0000474746      MPPEFWTGSTLLPFHPCKHNFLPHPSFLLLKIVTRLSNWYYFISAAKMFCYCRLTYLPMS 297 
                        * ..  : ..*                                :.      *.   
 
MDP0000440922      FFLGIDDSERIARLVSNFDDVTVGMHSLIINFPGTTFYKATKAADALRKELRIVIQEKKA 250 
MDP0000478473      LFVSLEDSVEIAKLGDPFAVLASGIISMPLDFPGTPFYKAIKASNFIREELTKIIKQRKI 247 
MDP0000227287      YFYATRFVGPITPLVEELRQEIYCEXYNEINWPKVRHWCATEDNYYPHGRVQRFMWDGFY 328 
MDP0000474746      YFYATRFVGPITPLVEELRQEIYCEPYSEINWSKVRHWCAPDDNYYPHGRVQRFMWDSFY 357 
                    * .      *: * . :           :::. . .: * .     : .:  .: :    
 
MDP0000440922      AMAAG-----------GPMHDILSHMIVASDPSGKHMPEAEVADKIMGLLTAGYSTVATA 299 
MDP0000478473      DLAEGKA---------SPTQDILSHMLLLCDEHGSHMKEHDIADKILGLLIGGHDTASAT 298 
MDP0000227287      NIVEPLLKRWPFKKIRDNAIQFTIDQIHYEDENSRYITIGCVEKPLMMLACWAEDPSGEA 388 
MDP0000474746      NIAEPLLKRWPFKKIRDNAIQFTIDQIHYEDENSRYITIGCVEKPLMMLACWAEDPSGEA 417 
                    :.             .   ::  . :   *  . ::    : . :: *   . .. . : 
 
MDP0000440922      MTFFMKYVGERPDIYAKVLAEHKQIAD----SKKPGDFLEWEDINKMKYSWNVLYEVMRF 355 
MDP0000478473      CTFIVKYLAELPHIYDEVYKEQMEVLS----AKAPGDLLNWDDLQKMKYSWNVAQEVLRL 354 
MDP0000227287      FKKHLPRVTDYIWLGEDGIKMQSFGSQSWDCALVIQALLAGNLNAEMGPTLKKAHEFLKI 448 
MDP0000474746      FKKHLPRVTDYIWLGEDGIKMQSFGSQSWDCALVIQALLAGNLNTEMAPTLKKAHEFLKI 477 
                    .  :  : :   :  .    :    .    :     :*  :   :*  : :   *.::: 
 
MDP0000440922      TPP---LQGTFREALTDFTYAGYTIP---KGWKVYWTVSTVNMNSEYFPNPE-------- 401 
MDP0000478473      APP---LQGAFREALSDFVFNGFTIP---KGWKLYWSANSTHKNAAYFPEPF-------- 400 
MDP0000227287      SQVRINTSGDYLSHFRHISKGAWTFSDRDHGWQVSDCTAEALRCCCIFANMSPEVVGEPM 508 
MDP0000474746      SQVRVNTSGDYLAHFRHVSKGAWTFSDRDHGWQVSDCTAEALRCCCIFANMSPELVGEPM 537 
                   :      .* :   : ..   .:*:.   :**::   .  .   .  *.:           
 
MDP0000440922      -----------------------XFDPS----RYDDLSVFPAFTFVPFGGGPRMCPGKEY 434 
MDP0000478473      -----------------------KFDPT----RFEGNGPAP-YTFVPFGGGPRMCPGKEY 432 
MDP0000227287      EAECMYDAVNVIMSLQSPNGGVSAWEPTGAPKWLEWLNPVEFLEDLVIEYEYIECTSSSI 568 
MDP0000474746      EAECMYDAVNVILTLQSPNGGVSAWEPTGAPKWLEWLNPVEFLEDLVIEYEYIECTSSSI 597 
                                           ::*:      :  .       : :      *....  
 
MDP0000440922      ARLAILTFVHNVVKRFEWEVLFPKEKITGDMMPTPE-------------------KGLPV 475 
MDP0000478473      ARLEILVFMHNLVKRFKWEKVLPDEQIVVDPLPMPA-------------------KGLPV 473 
MDP0000227287      QALTLFRKLYPGHRRKEINNFITRAADYIEDIQYPDGSWYGNWGICFVYGTWFAIKGLEA 628 
MDP0000474746      QALTLFRKLYPGHRRKEINNFITRAADYIEDIQYPDGSWYGNWGICFVYGTWFAIKGLEA 657 
                     * ::  ::   :* : : .:.      : :  *                    *** . 
 
MDP0000440922      RLRCH------------------------------------------------------- 480 
MDP0000478473      RLFPHPKTATT------------------------------------------------- 484 
MDP0000227287      AGRTYNNCEAVRKGVDFLLKTQRADGGWGEHYTSCTNKVPMKFNSNEKKYTAQDSTNLVQ 688 
MDP0000474746      AGRTYNNCEAVRKGVDFLLKTQRADGGWGEHYTSCTN----------KKYTAQDSTNLVQ 707 
                       :                                                        
 
MDP0000440922      ------------------------------------------------------------ 
MDP0000478473      ------------------------------------------------------------ 
MDP0000227287      TALGLMGLIHGRQAERDPTPIHRAAAVLMNGQLDDGDFPQQELMGVFMRNAMLHYAAYRN 748 
MDP0000474746      TALGLMGLIHGRQAERDPTPIHRAAAVLMKGQLDDGDFPQQELMGVFMRNAMLHYAAYRN 767 
                                                                                
 
MDP0000440922      ---------------------- 
MDP0000478473      ---------------------- 
                                                                                                Supplemental Data  
	   203	  
MDP0000227287      IFPLWALGEYRTLVSLPIKKIA 770 
MDP0000474746      IFPLWALGEYRTLVSLPIKKIA 789 
 
Sequence format is Pearson 
 
              Gene ID          # of AA 
Sequence 1: MDP0000440922      480 aa 
Sequence 2: MDP0000227287      770 aa 
Sequence 3: MDP0000474746      789 aa 
Sequence 4: MDP0000478473      484 aa 
 
Sequences (1:2) Aligned. Score: 10.83 
Sequences (1:3) Aligned. Score: 4.58 
Sequences (1:4) Aligned. Score: 47.50 
Sequences (2:3) Aligned. Score: 95.45 
Sequences (2:4) Aligned. Score: 5.99 




Supplemental Figure 2: Multiple sequence alignment of Malus domestica ß-amyrin 
(MDP0000440922, MDP0000227287, MDP0000474746 and MDP0000478473. Asterisks 
indicate conserved residues. Conserved substitutions are indicated with a colon (:) and semi-
conserved substitutions with a period (.). Colors indicate residues according to their 
physiochemical properties. Red = small (small+hydrophobic (incl. aromatic –y)), Blue = 
acidic, Magenta = Basic –H, Green = Hydroxl + sulfhydryl + amine +G and Grey = Unusual 
amino acids. Sequences were compared against each other to determine similarity and 
differences. Scores were calculated based upon similarity, with the largest score indicative 
of fewer amino acid differences. Phylogeny shows evolutionary similarities between species 
(Max 1.0). Phylogeny similarities are indicated above branches. 
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MDP0000137211      ------------------------------------------------------------ 
MDP0000318256      MSGLNSRHRELKKKRLINYVEEKYLLRPSLPDNPRLKVVNLQQGCYLGNHRAIRLISHHR 60 
                                                                                
 
MDP0000137211      ------------------------------------------------------------ 
MDP0000318256      TRSLLTAAPIWTPATATYLHRFELYLLRSVCISLHQSHLDFASVCSDQSGFVCINLHLHR 120 
                                                                                
 
MDP0000137211      ---------------------------------MEKSTTAAILLVFYIFVLCPQPGIHSL 27 
MDP0000318256      CRTAICLLHLRLHYTFDLHLHQIERRISSFKNNMEKSTTAAILLLLYFFGFCPQPGVPSF 180 
                                                    ***********::*:* :*****: *: 
 
MDP0000137211      APPSD------------VRDFSYLKFVRNATDLPLQEEYDYIVVGGGTAGCPLATTLSAN 75 
MDP0000318256      ANPSDDLGKYSLKVPLVFRNFSYVKFVRNATDLPLLEEYDYIVVGGGTAGCPLATTLSAN 240 
                   * ***            .*:***:*********** ************************ 
 
MDP0000137211      YSVLLLERGDIPTTYPSVSTVEGILENFMLEDDGTTPLQRFVSEDGVANVRGRILGGTSM 135 
MDP0000318256      YSVLLLERGNIPSAYPNVLRQNETLANFMQEDDGKTPAQRFTSEDGVANLRGRILGGSSM 300 
                   *********:**::**.*   :  * *** ****.** ***.*******:*******:** 
 
MDP0000137211      VSGGAYSRADSEFYKKSGIKLDMNLVNKSYEWVEDTIVFRPNVSQWQSVVKDALLEAGVR 195 
MDP0000318256      INIGXYSRADGEFYQKSGIKLDMNLVNNSYEWVENTVAFRPNVTHWQSVVKDAMLEAGVR 360 
                   :. * *****.***:************:******:*:.*****::********:****** 
 
MDP0000137211      PDNGFTLDSVEGTKISGALFDNRGRRYGAVELLNKGHPKNLRVAIHATVERIIFSSKASD 255 
MDP0000318256      PDNGLTLDHILGSKVTATLFDDRGKRHGAVELLNKGHPKNLRVAIHATVERIIFSSKASG 420 
                   ****:*** : *:*::.:***:**:*:********************************. 
 
MDP0000137211      PSAKGIIYNDSNGRSHWASIRGKGEVILSAGAIGSPQLLLLSGVGPKSYLTSLKIPVVHP 315 
MDP0000318256      LSAKGIIYSDSNGRSHRALIRGKGEVILSAGAIGSPQLLLLSGVGPKSYLSSRKIPVVHP 480 
                    *******.******* * *******************************:* ******* 
 
MDP0000137211      QPYVGKFMRDNPRSNIIILPPSPIVPTYSQIAGFTSDFDIESISGTPYSSQAYSIFPNPT 375 
MDP0000318256      QPYVGQFMRDNPRNYITILPPFQVEASTAQVVGITSDYYIETFSGLPFSRQAFSLFPSPT 540 
                   *****:*******. * ****  : .: :*:.*:***: **::** *:* **:*:**.** 
 
MDP0000137211      IPVTINSSFGFFMVKVRGPILSHGSLKLQSSYDAKVAPNVKFNYFAKEGDLSQCVSAMGK 435 
MDP0000318256      IPMTINSSFGHIVVKFPGP-LSYGSLDLQSSYDVKVAPNVKFNYFAQEADLSRCVSAVRK 599 
                   **:*******.::**. ** **:***.******.************:*.***:****: * 
 
MDP0000137211      MRDLLKTNALKPFKTRDLPGLEGFNLFKPSLPMNQSDDAS---FCRDTVATHWHYHGGCS 492 
MDP0000318256      MGDLLKTNSLKPYKAQDLPGLEGFNFFGLPLPVNQSDDASFETFCRDTVATFWHYHGGCL 659 
                   * ******:***:*::*********:*  .**:*******   ********.*******  
 
MDP0000137211      AGKVVDGDLRVTGIKALRVVDGSIFNSSPGTNPQATLMMLGRYVGLRILEERSASKGR 550 
MDP0000318256      VGQVVDEDLRVMGIKALRVVDGSVFNLSPGTNPQATIMMLGRYXGVQMLEERSE---- 713 
                   .*:*** **** ***********:** *********:****** *:::*****      
 
Sequence format is Pearson 
 
                Gene ID       # of AA 
Sequence 1: MDP0000137211      550 aa 
Sequence 2: MDP0000318256      713 aa 
 
Sequences (1:2) Aligned. Score: 76.36 
 
 
Supplemental Figure 3: Multiple sequence alignment of Malus domestica (R)-Mandelonitrile 
(MDP0000137211, and MDP0000318256. Asterisks indicate conserved residues. Conserved 
substitutions are indicated with a colon (:) and semi-conserved substitutions with a period (.). 
Colors indicate residues according to their physiochemical properties. Red = small 
(small+hydrophobic (incl. aromatic –y)), Blue = acidic, Magenta = Basic –H, Green = Hydroxl + 
sulfhydryl + amine +G and Grey = Unusual amino acids. Sequences were compared against each 
other to determine similarity and differences. Scores were calculated based upon similarity, with 
the largest score indicative of fewer amino acid differences.  
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MDP0000393227      MATKVYIVYYSMYGHVARLAEEILKGVQSVEGVEAKLWQVPETLPAEVLGKMGAPPKSEV 60 
MDP0000509613      MATKIYIVYYSTYGHVAKLAQEILKGAQSVEGVEAKLWQVPETLPAEVLAKMGAPPKSEV 60 
                   ****:****** *****:**:*****.**********************.********** 
 
MDP0000393227      PVISPEELVEADGIIFGFPTRFGMMAAQFKAFFDSTGGLWRTQALAGKPAGIFYSTGSQG 120 
MDP0000509613      PVISPEQLAEADGIIFGFPTRFGMMAAQFKAFFDSTGSLWHKGALAGKPAGLFYCTGSQG 120 
                   ******:*.****************************.**:. ********:**.***** 
 
MDP0000393227      GGQETTPLTTITQLVHHGMLFVPIGYTSGAGMFEMEQVKGGSPYGAGTYAGDGTRQPSDL 180 
MDP0000509613      GGQETTPLTAITQFTHHGMIFVPIGYTAGAGMFEMEQVKGGSPYGAGTFAGDGTRQPSDL 180 
                   *********:***:.****:*******:********************:*********** 
 
MDP0000393227      ELETASHQGKYFAGIAKKLKGSA 203 
MDP0000509613      ELEIACHQGKYFAGIAKKLKGSA 203 
                   *** *.***************** 
 
Sequence format is Pearson 
 
 
              Gnee ID         # of AA  
Sequence 1: MDP0000393227      203 aa 
Sequence 2: MDP0000509613      203 aa 
 




Supplemental Figure 4: Multiple sequence alignment of Malus domestica Alt a 
1(MDP0000393227, and MDP0000509613. Asterisks indicate conserved residues. Conserved 
substitutions are indicated with a colon (:) and semi-conserved substitutions with a period (.). 
Colors indicate residues according to their physiochemical properties. Red = small 
(small+hydrophobic (incl. aromatic –y)), Blue = acidic, Magenta = Basic –H, Green = Hydroxl + 
sulfhydryl + amine +G and Grey = Unusual amino acids. Sequences were compared against each 
other to determine similarity and differences. Scores were calculated based upon similarity, with 
the largest score indicative of fewer amino acid differences.  
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General Discussion 
The following general discussion will be structured according to four main topics: 
1. Randomness of bitter pit occurrence 
Bitter pit is an apple disorder associated with calcium deficiency and is known to develop during 
postharvest storage. Little information is known to what actually causes its occurrence or 
symptoms. Calcium’s role in plant cells is well known. If calcium is not readily available to cell 
components and pathways, the cell can become weakened and prone to attack resulting in 
phenolic compounds being consumed or activated in tissues depending on how these components 
interact in cell repair mechanisms. 
As bitter pit incidence commonly occurs during post harvest, it is nearly impossible to predict if 
fruit will develop symptoms. Several factors including cultivar susceptibility, yearly variations in 
temperature, rainfall, and nutrient availability can all influence bitter pit occurrence. During our 
collection phase, fruit originating from the same tree and branches, all appearing healthy were 
harvested and placed in storage. Only several months later did we notice about 30% of the fruit 
had developed bitter pit symptoms.  
In the presented research we worked with two main apple cultivars affected by bitter pit: 
Reinette (2010-2012) and Golden Delicious smoothie (2011-2012). The election of these 
varieties in our experimental design was not premeditated, but rather random, as bitter pit 
incidence was unpredictable. 
Both Reinette and Golden Delicious smoothee cultivars displayed sunken discolored pits. 
Reinette produced larger-sized diameter pits but had fewer pits sampled while Golden Delicious 
smoothee produced two to three times more pits but the overall pit diameter was 60-70% smaller. 
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2. Antioxidant activity of phenolic compounds as a defense mechanism 
In our research, a noticeable dissimilarity was observed while comparing tissue samples with 
respect to phenolic compounds. With the exception of quercetin rhamnoside, all analyzed phenol 
concentrations appeared significantly lower in bitter pit tissues, indicating little antioxidant 
capacity. Phenolic compounds are recognized as defense related compounds, which respond to 
injury, infection and stress to plant cells (Treutter, 2006). In bitter pit tissues, the decrease of the 
antioxidant capacity and phenolic compounds analyzed in our study, may be explained by two 
mechanisms: 
1) Polymerization of monomers occur in reactions catalyzed by polyphenol oxidase 
(Holderbaum et al., 2010). Non-enzymatic reactions, including autoxidation and chemical 
oxidation can also induce phenolic compound reduction (Pourcel et al.). These reactions 
ultimately result in condensation, producing heterogeneous polymers and browning 
(Nicolas et al.). Polymerization can occur when these compounds are released by the 
cytosol due to loss of vacuolar integrity (Amaki et al.). The brown tissue affected by 
bitter pit supports the hypothesis, at least in part, that the depletion of epicatechin and 
chlorogenic acid might be a result of polymerization.  
2) Scavenging of Reactive Oxygen Species (ROS) free radicals are continuously formed 
in plants as natural by-products of aerobic metabolism and possess important roles in 
plant signal transduction. Under normal conditions, the production and removal of ROS 
are balanced. However, most forms of biotic or abiotic stresses disrupt the metabolic cell 
balance, resulting in enhanced production of ROS. The main cellular components 
susceptible of being damaged by ROS are proteins, polyunsaturated fatty acids and 
nucleic acids. Plants possess efficient antioxidant defense systems (Pandhair & Sekhon, 
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2006) to scavenge ROS. It could be argued that as a natural defense mechanism against 
bitter pit, apples produce greater ROS than its capacity to detoxify them. Epicatechin, 
chlorogenic acid and other phenolic compounds react with ROS to protect the plant from 
destructive reactions (Pourcel et al.), leading to a sharp decline in affected tissues. 
Antioxidant capacity regression due to lipid soluble phenolic compounds in bitter pit tissues 
(measured by the ACL photochemoluminiscence test), could be similarly explained. The 
biosynthesis of carotenoids, a major family of lipid soluble phenolic compounds, occurs in 
chloroplasts (Cunningham Francis, 2002); where carotenoids scavenge ROS to prevent cellular 
damage (Cazzonelli & Pogson, 2010). In chromoplasts, carotenoids are localized within lipid 
globules known as plastoglobules (Bian et al., 2011). Carotenoids are also located in lipid 
membranes, where they are known to combat ROS (Chen & Djuric, 2001, Sharma et al., 2012). 
The small concentration of lipid soluble phenolics measured during PCL (ACL test) in the 
present study, suggests that the depletion of carotenoids in bitter pit may be due to ROS, 
generating non-radical products and terminating radical reactions by attacking free radicals. 
 
3. Protein profile of bitter pit 
Investigating mechanisms surrounding disorder development provides a better understanding of 
biological mechanisms. In the current study 28 defense-related proteins were identified as being 
overly expressed in bitter pit protein samples. Eleven pathogenesis-related (PR) proteins were 
identified from the 28 stress-related proteins, a result which strongly supports PR pathogens play 
a significant role in bitter pit development. PR proteins are proteins encoded by the host plant 
that have been induced by stress or pathogen attack. PR proteins were also detected in healthy 
plant tissues without any infection or stress. Necrosis caused by abiotic stress and toxin related 
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chlorosis have also been shown to induce PR Proteins (van Loon, 1999). PR proteins display 
high-degree of pathogen specificity and are coordinated at the transcription level (Van Loon & 
Van Strien, 1999) and are well known for their role in acquired resistance that are induced in 
association with necrotic lesions in plants. (Sudisha et al., 2012). 
In addition to being induced by a wide array of environmental/external signals, PR synthesis can 
be triggered by internal plant developmental stimuli. Fraser (1981) was the first to report the 
formation of a set of PRs in healthy tobacco leaves as they reached the flowering and senescing 
stage. Bitter pit is known to occur in fruit and occurs mainly during post-harvest, it is 
hypothesized that from the moment fruit is harvested it is producing PR proteins. It is important 
to call attention to the bitter pit-sampling phase, it was noted that bitter pits appeared necrotic 
and dead at the time of sampling. Bitter Pit appearance can take several weeks to months to 
appear and its trigger is not yet well understood. 
Furthermore, several classes of PR genes have been reported to increase in response to low 
temperature or water limitations, including peroxidases, Bet V I allergens, and thaumatin-like 
proteins (Dhanaraj et al., 2004, Wong et al., 2006, Wei et al., 2010) 
Of the 48 proteins identified during LC-MS/MS, two appeared to stand out from the rest as being 
important plant defense proteins significantly upregulated in bitter pit. These proteins were 
identified as (R)-Mandelonitrile lyase and beta-amyrin related. 
One of many chemical defense systems used by plants against herbivores is cyanogenesis, the 
release of the respiratory inhibitor hydrogen cyanide. (R)-mandelonitrile lyase, a known 
flavoprotein that plays a major role in cyanogenesis was highly upregulated in bitter pit samples 
when compared to sound tissue.  
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Recognized in several thousand species, cyanogenesis has caused numerous cases of acute and 
chronic cyanide poisoning in animals and humans (Poulton, 1988). In many organisms, hydrogen 
cyanides are formed during the catabolism of cyanogenic glycosides by specific beta-
glucosidases and alpha-hydroxynitrile lyase (Nahrstedt, 1992). These enzymes have been 
emphasized in many studies because of their role in herbivore hindrance and their potential use 
as biocatalysts in the synthesis of chiral cyanohydrins, glycoside-based feeding inhibitors found 
in more than 2500 plants, fungi and insects (Wingstrand, 2009).  
Some of the most highly cyanogenic species are known Rosaceae fruit. Amygdalin is a natural 
cyanogenic glycoside which is found in the seeds of Rosaceae (Dicenta et al., 2002). Several 
Rosaceae fruit seeds (apple, peach and apricot) are known to contain amygdalin and their 
toxicity has been well documented (Bolarinwa et al., 2014). The fact that bitter pit tissue 
contained large quantities of this protein raises concern about consuming fruit affected with 
bitter pit. As it is uncommon to consume apple seeds, which are typically protected by the core, 
bitter pit tissue could be consumed causing human amgydalin toxicity. It is suggested that future 
studies investigate the toxicity of bitter pits to determine their human toxicity LD50. 
β-amyrin the second protein of interest, serves as an olefin precursor to a range of products. The 
action of oxidative enzymes (typically cytochrome P450 monooxygenases) and 
glycosyltransferases convert β-amyrin to several triterpene saponins in plants (Vincken et al., 
2007). Saponins are often studied for their protective roles in plants, acting as antimicrobial 
(Wallace, 2004) and insecticidal (Taylor et al., 2004) agents. Saponins are also known to have a 
bitter taste that recently using a sensomics approach succeeded in comprehensively mapping and 
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identifying the molecular determinants of this bitter off-taste (Dawid & Hofmann, 2012). β-
amyrin was only found in bitter pit samples; and knowing that saponins characteristically have 
bitter flavor, it is highly likely that β-amyrin and bitter pit are directly linked to one another.  
4. Perspectives 
An important step for future researcher could be to monitor phenolic compounds, antioxidant 
activity and selected proteins involved in primary functions, during harvesting and at different 
moments the post-harvest period. Due to difficulties in predicting where and when bitter pit will 
appear, fruit sampling should be large, and random, in order to screen apples with and without 
potential to develop bitter pit. An obvious weak aspect of this approach is that a single sample 
(apple tissue) cannot be monitored from the beginning to the end of the experiment, as extraction 
of skin tissue is destructive. However, it would provide data with respect to antioxidant capacity 
ranges and concentration of selected bitter pit biomarkers that could be interpreted in terms of 
time since it was harvested.  
Devoting effort to implement standardized monitoring of target biomarkers into breeding 
programs seems to be a mandatory next step in bitter pit research; it they may provide valuable 
knowledge with respect to: 
a) Predict risk of disorder development in fruit at harvest 
b) Determine disorder development during storage so that farm/central operators can 
respond by modifying storage management, or by marketing fruit before losses become 
severe;  
c) Accurate diagnose disorders after they occur, as many disorders can look similar and are 
difficult to differentiate from one another after storage.  
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General Conclusions 
Ø Knowledge of the phenolic compounds present in apple tissues is an indispensable 
condition in order to understand polyphenol-mediated stress resistance in bitter pit 
disorder. 
Ø Quantification of major phenolic compounds in apple along with antioxidant activity are 
powerful tools to monitor changes of metabolites in healthy and bitter pit affected tissues.  
Ø Reduced levels of phenolic compounds and antioxidant activity in bitter pit tissues 
suggest that oxidative activity and membrane disruption accompanies this disorders 
occurrence. 
Ø Bitter pit induces a profound change in the physiological condition of affected tissues, 
expressing a variety of pathogenesis-related (PR) proteins from several families, 
including Mal d 1 and Mal d 2, two major allergens.  
Ø Bitter pit proteins are generated as a response to several stress factors during bitter pit 
development, and may be expressed even before external symptoms are visible in the 
skin tissues, thus increasing the apples’ allergenicity potential. 
Ø The bitter pit proteome indicated several significant proteins associated with plant 
defense, pathogen and wounding attack, oxidative stress as well as tissue desiccation,  
Ø Healthy apple proteins expressed greater chloroplastic-like activity (starch and 
carbohydrates storage), synthesis of glycoproteins and glycolipids, and metal biding 




The 2-D Clean-Up Kit is designed to prepare samples for 2-D 
electrophoresis that otherwise produce poor 2-D results due to 
high conductivity, high levels of interfering substances or low 
concentration. The procedure works by quantitatively precipitating 
proteins while leaving behind in solution interfering substances 
such as detergents, salts, lipids, phenolics and nucleic acids. The 
proteins are then resuspended in a solution compatible with 
first dimension isoelectric focusing (IEF). The procedure can be 
completed in one hour and does not result in spot gain or loss.  
The kit contains sufficient reagents to process 50 samples of up to 
100 µl each. The procedure can be scaled up for larger volumes or 
more dilute samples. 
Warning 
For research use only. 
Not recommended or intended for diagnosis of disease in 
humans or animals.  
Do not use internally or externally in humans or animals.
Storage
The kit should be stored at room temperature. The wash buffer 
should be placed at -20°C at least 1 h before use and may be 
stored in a -20°C freezer. 
Function testing 
Each lot of the 2-D Clean-Up Kit is tested for its ability to 
quantitatively precipitate protein and allow quantitative 
resuspension while minimizing carry-over of ionic contaminants. 
Safety warnings and precautions
All chemicals should be considered as potentially hazardous. We 
therefore recommend that this product is handled only by those 
persons who have been trained in laboratory techniques and that 
it is used in accordance with the principles of good laboratory 
practice. Wear suitable protective clothing such as laboratory 
overalls, safety glasses and gloves. Care should be taken to avoid 
contact with skin or eyes. In the case of contact with skin or eyes 
wash immediately with water. See material safety data sheet(s) and/
or safety statement(s) for specific advice.
Components
Precipitant: This solution renders proteins insoluble.
Co-precipitant: This solution contains reagents that co-precipitate 
with proteins and enhances their removal from solution.
Wash buffer: This solution is used to remove non-protein 
contaminants from the protein precipitate.
Wash additive: This solution contains a reagent that promotes 
rapid and complete resuspension of the sample proteins. 
Overview
The ability to analyze a sample effectively by 2-D electrophoresis 
often limited by the presence of non-protein impurities in the 
sample. Excess salts and buffers from sample preparation can 
render the solution too conductive for effective first dimension IEF. 
Charged detergents, lipids, phenolics and nucleic acids can also 
interfere both with first dimension IEF separation and visualization 
of the 2-D result. Protein precipitation is therefore often employed 
to selectively separate proteins in the sample from contaminating 
substances. Protein precipitation is also used to concentrate 
proteins from samples that are too dilute for effective 2-D analysis.
Current methods of protein precipitation suffer from several 
significant disadvantages.
1) Precipitation can be incomplete, resulting in the loss of proteins 
from the sample and introduction of bias into the 2-D result. 
2) The precipitated protein can be difficult to resuspend and often 
cannot be fully recovered. 
3) The precipitation procedure can itself introduce ions that 
interfere with first dimension IEF. 
4) Precipitation can be time consuming, requiring overnight 
incubation of the sample.
The 2-D Clean-Up Kit provides a method for selectively precipitating 
protein for 2-D electrophoretic analysis that circumvents these 
disadvantages. Protein can be quantitatively precipitated from a 
variety of sources without interference from detergents, chaotropes 
and other common reagents used to solubilize protein. Recovery is 
generally above 90%. The procedure does not result in spot gain or 
loss, or changes in spot position relative to untreated samples. The 
precipitated proteins are easily resuspended in 2-D sample solution. 
The procedure can be completed in under one hour. 
Treatment of the sample with the 2-D Clean-Up Kit can improve 
the quality of 2-D electrophoresis results, reducing streaking, 
background staining and other consequences of interfering 
contaminants. The kit can enable effective 2-D analysis of samples 
that are otherwise too dirty or dilute.
The 2-D Clean-Up Kit procedure uses a combination of a unique 
precipitant and co-precipitant to quantitatively precipitate the 
sample proteins. The proteins are pelleted by centrifugation and the 
precipitate is washed to further remove non-protein contaminants. 
The mixture is centrifuged again and the resultant pellet can be 
easily resuspended into a 2-D sample solution of choice.
Protocol
Introduction 
The 2-D Clean-Up Kit can be used on virtually any protein sample. 
Lysis and extraction solutions that would normally be incompatible 
with first dimension IEF due to the presence of salts or charged 
detergents may be employed. These interfering substances are 
removed by the procedure.
If desired, sample proteins may be extracted from cells or solid 
tissues using the Sample Grinding Kit and a solubilizing solution 
consisting of 2% sodium dodecylsulfate (SDS), 40 mM Tris™ base 
and 60 mM dithiothreitol (DTT). The extract is heated at 95–100°C 
for 5 min and insoluble debris and grinding resin is removed by 
centrifugation.
The 2-D Clean-Up Kit can be used to prepare concentrated protein 
samples from sources that are dilute and contain high levels of salt 
and other interfering substances. Examples include urine, culture 
supernatants and plant extracts.
Proteases are generally inactive in the solutions employed in this 
procedure, but protease inhibitors can be added to the sample 
solution if desired.
The sample can contain 1–100 µg protein in a volume of 1–100 µl 
(Procedure A). Protein can be processed from larger samples by 
scaling up the procedure (Procedure B).
Hint: Always position the microcentrifuge tubes in the centrifuge rotor 
with the cap hinge facing outward. This way the pellet will always be 
on the same side of the tube so it can be left undisturbed, minimizing 
loss.
Required but not provided:




(See Appendix for examples)
?? ??????? ????
Preliminary preparations
Place the wash buffer at -20°C at least one h before starting the 
procedure. The wash buffer may be stored in a -20°C freezer.
The protein sample should be substantially free of particulate 
material. Clarify by centrifugation if necessary.
Procedure A 
Procedure for sample volumes of 1–100 µl (containing 1–100 µg 
protein per sample)
Process the protein samples in 1.5 ml microcentrifuge tubes. All 
steps should be carried out with the tubes in an ice bucket unless 
otherwise specified. 
1. Transfer 1–100 µl protein sample (containing 1–100 µg protein) 
into a 1.5 ml microcentrifuge tube. 
2. Add 300 µl precipitant and mix well by vortexing or inversion. 
incubate on ice (4–5°C) for 15 min. 
3. Add 300 µl co-precipitant to the mixture of protein and 
precipitant. Mix by vortexing briefly.
4. Centrifuge the tubes in a microcentrifuge set at maximum 
?????????????????????????????????? ??????????????????????????
the centrifuge as soon as centrifugation is complete. A small 
pellet should be visible. Proceed rapidly to the next step to avoid 
resuspension or dispersion of the pellet.
5. Remove as much of the supernatant as possible by decanting or 
careful pipetting. Do not disturb the pellet.
6. Carefully reposition the tubes in the microcentrifuge as before, 
with the cap-hinge and pellet facing outward. Centrifuge the 
tubes again to bring any remaining liquid to the bottom of the 
tube. A brief pulse is sufficient. Use a pipette tip to remove 
the remaining supernatant. There should be no visible liquid 
remaining in the tubes.
7. Without disturbing the pellet, layer 40 µl of co-precipitant on top 
of the pellet. Let the tube sit on ice for 5 min.
8. Carefully reposition the tube in the centrifuge as before, i.e. cap 
hinge facing outward. Centrifuge the tube again for 5 min. Use a 
pipette tip, remove and discard the wash.
9. Pipette 25 µl of distilled or de-ionized water on top of each pellet. 
?????????????????????????????????????????????????????????????????
dissolve in the water.
10. Add 1 ml of wash buffer (pre-chilled for at least 1 h at -20°C) and 
????? ?????????????????????????????????????????????????????????
Note: The protein pellet will not dissolve in the wash buffer.
11. ???????????????????????????????????????????? ??????????????? 
20–30 s once every 10 min. 
Note: The tubes can be left at this stage at -20°C for up to 1 week 
with minimal protein degradation or modification.
12. Centrifuge the tubes in a microcentrifuge set at maximum speed 
???????????????????????????? ???
13. Carefully remove and discard the supernatant. A white pellet 
should be visible. Allow the pellet to air dry briefly (for no more 
than 5 min). 
Note: Do not over-dry the pellet. If it becomes too dry, it will be 
difficult to resuspend.
14. Resuspend each pellet in an appropriate volume of rehydration 
or IEF sample loading solution for first dimension IEF. See 
Appendix for examples of rehydration solutions and volumes 
????????????????????????????????????????????????????????????????????
30 s. Incubate at room temperature and either vortex or work up 
and down in a pipette to fully dissolve. 
Note: If the pellet is large or too dry, it may be slow to resuspend 
fully. Sonication or treatment with the Sample Grinding Kit can speed 
resuspension.
15. Centrifuge the tubes in a microcentrifuge set at maximum speed 
???????????????????????????? ??????????????????????????? ????????
and to reduce any foam. The supernatant may be loaded 
directly onto first dimension IEF or transferred to another tube 
and stored at -80°C for later analysis.
Procedure B
Procedure for larger sample of more than 100 µg protein
Procedure for larger samples of more than 100 µg of protein. All 
steps should be carried out with the tubes in an ice bucket unless 
otherwise specified. 
1. Transfer the protein sample into a tube that can be centrifuged 
??????????????????????? ?????????????????????????????????
greater than the volume of the sample. Use only polypropylene, 
polyallomer or glass tubes.
Note: The wash buffer used later in the procedure attacks many 
plastics. This limits the choice of centrifuge tube materials.
2. For each volume of sample, add 3 volumes of precipitant. Mix 
well by vortexing or inversion. Incubate on ice (4–5°C) for 15 min. 
3. For each original volume of sample, add 3 volumes of  
co-precipitant to the mixture of protein and precipitant. Mix by 
vortexing briefly.
4.? ????????????????????????????????????????? ?????????????????????
from the centrifuge as soon as centrifugation is complete. A 
small pellet should be visible. Proceed rapidly to the next step to 
avoid resuspension or diffusion of the pellet.
5. Remove as much of the supernatant as possible by decanting or 
careful pipetting. Do not disturb the pellet.
6. Carefully reposition the tubes in the centrifuge as before with the 
pellet facing outward. Centrifuge the tubes again for at least  
1 min to bring any remaining liquid to the bottom of the tubes. 
Use a pipette tip to remove the remaining supernatant. There 
should be no visible liquid remaining in the tubes.
7.? ?????????????????????????? ??????????????????????????
8. Carefully reposition the tube in the cetrifuge as before, i.e. cap 
hinge facing outward. Centrifuge the tube again for 5 min. use a 
pipette tip, remove and discard the wash.
9. Pipette enough distilled or de-ionized water on top of each pellet 
???????????????????????????????????????????????????????????????
2 80-6486-60PS AE 04-2009
pellets should disperse, but not dissolve in the water.
10. Add 1 ml of wash buffer, pre-chilled for at least 1 h at -20°C. (For 
initial protein sample in the range of 0.1–0.3 ml add 1 ml of wash 
buffer; in addition, the volume of wash buffer must be at least 
10-fold greater than the water added in step 9). Add 5 µl wash 
additive (regardless of the original sample volume, use only 5 µl 
????????????????????????????????????????????????????????????
Note: The protein pellet will not dissolve in the wash buffer.
11.????????????????????????????????????????????? ??????????????? 
20–30 s once every 10 min.
Note: The tubes can be left at this stage at -20°C for up to 1 week 
with minimal protein degradation or modification.
12.?????????????????????????????????????????? ???
13. Carefully remove and discard the supernatant. A white pellet 
should be visible. Allow the pellet to air dry briefly (no more than 
5 min).
Note: Do not over-dry the pellet. If it becomes too dry, it will be 
difficult to resuspend.
14. Resuspend each pellet in rehydration solution for first dimension 
IEF. The volume of rehydration solution used can be as little 
as 1/20 the volume of the original sample. See Appendix for 
examples of rehydration solutions and volumes appropriate to 
???????????????????????????????????????????????????????????????????
temperature and either vortex or work up and down in a pipette 
to fully dissolve.
Note: If the pellet is large or too dry, it may be slow to resuspend 
fully. Sonication or treatment with the Sample Grinding Kit can speed 
resuspension.
15.?????????????????????????????????????????? ?????????????????
insoluble material and to reduce any foam. The supernatant 
may be loaded directly onto first dimension IEF or transferred to 
another tube and stored at -80°C for later analysis. 
Appendix: Rehydration of IEF sample loading 
solution
The 2-D Clean-Up Kit produces a protein pellet that can be 
resuspended in sample or rehydration solution and applied directly 
to first dimension IEF (see step 12 of Procedures A and B). 
The sample can be loaded into the Immobiline™ DryStrip gel (IPG 
strip) by rehydration or with a sample cup. In either case, the 
solution used is the same. If the sample is loaded using a sample 
cup, the sample loading solution and the rehydration solution (not 
containing protein) should have the same composition.
Examples of rehydration/IEF sample loading solutions:  
Rehydration solution containing 8 M urea 
(8 M urea, 2% CHAPS, 40 mM DTT, 0.5% Pharmalyte™ or IPG buffer, 0.002% 
bromophenol blue, 2.5 ml)
This is a good all-purpose solution that gives clean, sharp 2-D separations.
 final concentration amount
Urea (FW 60.06) 8 M 1.20 g
CHAPS1 2% (w/v) 50 mg
Carrier ampholyte2 
(Pharmalyte or IPG Buffer) 0.5% (v/v)3 12.5 µl
DTT (FW 154.2) 40 mM 15.4 mg
Bromophenol Blue 0.002% (w/v) 5 µl of a 1% (w/v) solution
Distilled or de-ionized water  to 2.5 ml
1 Other neutral or zwitterionic detergents may be used. Examples include 
Triton™ X-100, NP-40, octyl glucoside and the alkylamidosulfobetaine 
detergents ASB-14 and ASB-16.
2 Use IPG buffer in the pH range corresponding to the pH range of the IEF 
separation to be performed, or Pharmalyte in a pH range approximating 
the pH range of the IEF separation to be performed.
3 Concentrations greater than 0.5% may be used for some applications. 
See “2-D Electrophoresis, Principles and Methods” for guidelines.
Rehydration solution containing 7 M urea, 2 M thiourea 
(7 M urea, 2 M thiourea, 4% CHAPS, 40 mM DTT, 0.5% Pharmalyte or IPG 
buffer, 0.002% bromophenol blue, 2.5 ml) 
This is a more strongly solubilizing solution that can result in more proteins 
solubilized and more spots in the final 2-D pattern. IEF separations 
performed with this solution may not be as sharp as with the previous 
solution, resulting in a 2-D separation with more horizontal streaking.
 final concentration amount
Urea (FW 60.06) 7 M 1.05 g
Thiourea (FW 76.12) 2 M 381 mg
CHAPS1 4% (w/v) 100 mg
Carrier ampholyte2 
(Pharmalyte or IPG Buffer) 0.5% (v/v)3 12.5 µl
DTT (FW 154.2) 40 mM 15.4 mg
Bromophenol Blue 0.002% (w/v) 5 µl of a 1% (w/v) solution
Distilled or de-ionized water  to 2.5 ml
1 Other neutral or zwitterionic detergents may be used. Examples include 
Triton X-100, NP-40, octyl glucoside and the alkylamidosulfobetaine 
detergents ASB-14 and ASB-16.
2 Use IPG buffer in the pH range corresponding to the pH range of the IEF 
separation to be performed, or Pharmalyte in a pH range approximating 
the pH range of the IEF separation to be performed.
3 Concentrations greater than 0.5% may be used for some applications. 
See “2-D Electrophoresis, Principles and Methods” for guidelines.
Any other components added to the rehydration solution must 
either be uncharged or present at a concentration of less than  
1 mM. Addition of salts, acids, bases and buffers is not 
recommended.
Larger quantities of rehydration solution may be prepared and 
stored in aliquots at -20°C or lower. If this is done, the DTT should 
be omitted and added fresh directly prior to use. The rehydration 
solution can be made in advance omitting carrier ampholyte. The 
IPG buffer or Pharmalyte appropriate to the IEF separation range is 
then added just prior to use.
The volume of solution used to resuspend the sample depends 
on the method of loading the sample and the length of the IPG 
strip used for the first dimension separation. If the sample is to be 
loaded onto the IPG strip using a sample cup, the sample volume 
should not exceed 100 µl. If the sample is to be loaded onto the IPG 
strip by rehydration, the following sample volumes should be used 
according to the length of the IPG strip.
IPG strip length volume applied
7 cm 125 µl
11 cm 200 µl
13 cm 250 µl
18 cm 350 µl
24 cm 450 µl
Samples may be resuspended in volumes lower than the 
recommended application volume, if a more concentrated sample 
is desired. The sample would then be diluted appropriately into 
rehydration solution prior to application to the IPG strip.
The optimal quantity of protein to load varies widely depending 
on factors such as sample complexity, the length and pH range 
of the IPG strip and the method of visualizing the 2-D separation. 
General guidelines are given in “2-D Electrophoresis, Principles and 
Methods.”
The protein concentration of the sample is best determined using 
the 2-D Quant Kit, which can accurately quantify protein in the 
presence of detergents, reductants and other reagents used in 
sample preparation.
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imagination at work
Ordering information
Product Quantity Code No.
2-D Clean-Up Kit 50 samples 80-6484-51
Related products Quantity Code No.
Tris 500 g 17-1321-01
Urea 500 g 17-1319-01
CHAPS 1 g 17-1314-01
Triton X-100 500 ml 17-1315-01
Dithiothreitol (DTT) 1 g 17-1318-01
Sodium Dodecylsulfate (SDS) 100 g 17-1313-01
Bromophenol Blue 10 g 17-1329-01
Sample Grinding Kit 50 samples, up to 100 mg  
 tissue or cell sample 80-6483-37
2-D Quant Kit 500 assays, 1–50 µl  
 and up to 50 µg 80-6483-56
SDS-PAGE Clean-Up Kit 50 samples, 1–100 µl  80-6484-70
Mini Dialysis Kit  1 kDa cut-off, up to 250 µl 80-6483-75
Mini Dialysis Kit  1 kDa cut-off, up to 2 ml 80-6483-94
Mini Dialysis Kit  8 kDa cut-off, up to 250 µl 80-6484-13
Mini Dialysis Kit  8 kDa cut-off, up to 2 ml 80-6484-32
2-D Protein Extraction for 6 ? 10 ml  
Buffer Trial Kit   28-9435-22
2-D Protein Extraction for 50 ml  
Buffer-I  28-9435-23
2-D Protein Extraction for 50 ml  
Buffer-II  28-9435-24
2-D Protein Extraction for 50 ml  
Buffer-III  28-9435-25
2-D Protein Extraction for 50 ml  
?????????? ? ??????????
2-D Protein Extraction for 50 ml  
????????? ? ??????????
2-D Protein Extraction for 50 ml  
?????????? ? ??????????
Nuclease Mix 0.5 ml 80-6501-42
Protease Inhibitor Mix 1 ml 80-6501-23
??????????????????????????????????????????????
Other reagents






* See the GE Healthcare Catalogue for full selection
Related literature  Code No.
Handbook: 2-D Electrophoresis Using  
Immobilized pH Gradients, Principles & Methods. 80-6429-60
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